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ABSTRACT 
The  report  presents  the  analysis  background  and  numerical  details 
of a  computer  code  for  the  transient  thermal  response  and  ablation of non-
charring  heat  shields  and  nose-tips.  The  controlling  sub-code  is  the 
in-depth  transient  heat  conduction  routine; it treats  two-dimensional  axi- 
symmetric  bodies  using  the  explicit  finite-difference  method.  It  is  coupled 
to  a  completely  general  thermochemistry  sub-code  for  the  surface  state  and 
ablation  computation.  This  routine  allows  for  full  equilibrium  considering 
a  large  number  of  species,  and  can  also  account  for  any  number  of  non- 
equilibrium  effects.  The  code  also  features  automatic  coupled  calculations 
of the  pressure  around  the  body,  using  a  variation  of  modified  Newtonian 
relations  coupled  to  Prandtl-Meyer  expansions.  The  subsonic  region  pressure 
description  includes  empirical  corrections  necessary  on  very  blunt  bodies. 
In  addition,  the  code  automatically  computes  the  boundary  layer  edge  static 
enthalpy,  the  recovery  enthalpy,  and  the  convective  transfer  coefficient, 
employing  appropriate  computed  property  values  for any edge  gas. 
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SECTION 1 
GENERAL  INTRODUCTION 
1.1 PROBLEM  STATEMENT 
1.1.1 Background 
The  computation of the  thermal  and  dynamic  history  of a vehicle  entering 
a  planetary  atmosphere  has  a  number  of  important  features,  which  may  be 
crudely  summarized  as  follows: 
I. Trajectory analysis 
11.  Inviscid  flow  field  calculation 
111. Boundary  layer  calculation 
IV.  Interactions  between  vehicle  surface  and  boundary  layer 
V. In-depth response 
Complete  calculation  of  vehicle  response  over  a  period  of  time  would  involve 
a  coupled  calculation  of  all  five  phases,  each  computation  phase  providing, 
in  effect,  the  time  dependent  boundary  conditions  for  the  adjacent  phases. 
A recent  survey  (Ref. 1) has  carefully  examined  the  current  computa- 
tional  state-of-the-art  for  each  phase  and  for  the  coupling  between  phases. 
Major  deficiencies  were  identified  in  Phase  111,  boundary  layer  calculations, 
where  general  solution  procedures  for  reacting  multicomponent  boundary  layers 
did  not  exist,  in  Phase  IV,  where  sufficiently  general  chemical  routines  did 
not  exist, and in  Phase  V,  where  multidimensional  in-depth  solution  programs 
did  not  exist.  In addition,  no  111-IV-V  coupled  programs  existed.  Programs 
with  IV-V  coupling  existed,  but  were  limited  to  one  space  dimension  for  the 
in-depth  response. 
Efforts  to  upgrade  the  computational  state-of-the-art  will  probably 
not  attempt  to  couple  together  large  "complete"  computer  routines  for  all  of 
the  five  phases;  the  resulting  computer  code  would  be  unwieldly,  uneconomical, 
and  unreliable.  Since,  in  general,  the  coupling  aspects  of  the  predictive 
problem  are  more  interesting  and  important  than  the  degree  of  computational 
detail  in  the  individual  phases,  a  more  judicious  computational  approach  seeks 
to  couple  detailed  calculations  of  only  one  or  perhaps  two  problem  phases to
less  detailed  approximate  or  correlation  calculations  of  several  of  the  other 
phases.  The  resulting  computer  code  would  include  the  important  coupling 
effects  without  becoming  excessively  large,  and  would  still  offer  good  detail 
in  at  least  one  phase of the  total  problem. 
1 . 1 . 2  Present  computer Code 
The work r e p o r t e d  h e r e  e x e m p l i f i e s  t h i s  l a t te r  approach. The code 
developed  under  th i s  program inc ludes  la rge  subrout ines  for  the  de ta i led  
computation of the t rans ien t  in -depth  tempera ture  response  of  an  ab la t ing  
hea t  sh i e ld  (Phase  V i n  t h e  scheme  above)  and also of  the thermochemical  
interact ions between the environment gas and the heated surface of the heat 
sh ie ld   mater ia l   (Phase  I V ) .  The program  features more s implif ied  approaches 
fo r  t he  boundary  l aye r  t r anspor t  ca l cu la t ions  (Phase  111) , f o r  which a con- 
e c t i v e  t r a n s p o r t  c o e f f i c i e n t  a p p r o a c h  was adopted ,  and  for  the  inv isc id  
f low f ie ld  ca lcu la t ions  (Phase  11) , f o r  which  empir ica l  cor re la t ion  and var ious  
modif icat ions of  Newtonian pressure dis t r ibut ions are used t o  f i n d  t h e  p r e s s u r e  
around the a b l a t i n g  body.  These  combine wi th  the  i s en t rop ic  expans ion  assump- 
t i o n  t o  d e f i n e  t h e  boundary layer edge state.  
The completed code may thus be termed a “I1 - 111 - I V  - V coupled code“, 
i n  which t h e  r o u t i n e s  f o r  p h a s e s  I V  and V a r e  r e l a t i v e l y  c o m p l e t e ,  g e n e r a l  , 
and l a rge ,  wh i l e  t hose  fo r  phases  I1 and I11 a r e  r e l a t i v e l y  s m a l l  a n d  s i m p l i -  
f i e d .  The na tu re  o f  t he  ind iv idua l  phase  rou t ines  may be  summarized  as 
fol lows : 
Phase Code C h a r a c t e r i s t i c s  
Phase V - In-Depth  Response 2-D Axisymmetr ic   Fini te   Difference 
Transient Heat Conduction Code, 
Exp l i c i t ,  Mul t i -ma te r i a l  Capab i l i t y ,  
General  Geometry b u t  some restric- 
t i o n s  on g r i d  l a y o u t  make use on 
v e r y  s h a r p  b o d i e s  d i f f i c u l t ,  non- 
c h a r r i n g  m a t e r i a l s ,  some types of  
anisotropy considered 
Phase I V  - Surface Response Genera l  thermochemica l  s ta te  rout ine  
a l l o w s  f o r  a b l a t i o n  o f  any one 
m a t e r i a l  i n  any environment, con- 
s i d e r s  f u l l  e q u i l i b r i u m  p l u s  any 
number of heterogeneous and homo- 
geneous (but  surface area scaled)  
k i n e t i c a l l y  c o n t r o l l e d  r e a c t i o n s ;  
ident i f ies  thennochemica l ly  cont ro l -  
l i n g  s u r f a c e  m a t e r i a l ,  d e t e c t s  f a i l i n g  
o r  m e l t i n g  compounds 
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I 
Phase 
Phase I11 - Boundary Layer 
Phase I1 - Flow F i e l d  
Phase I - Trajec tory  
Code Characteristics 
Trans fe r  Coef f i c i en t  rou t ine  based  
on  energy  in tegra l  t echnique ,  
laminar  only a t  p resen t  t i m e ,  
boundary  l aye r  r ad ia t ion  no t  eva lua ted  
Modified Newtonian pressure for 
sha rp  bod ies ,  b l end ing  in to  empi r i ca l  
p r e s s u r e  c o r r e l a t i o n s  f o r  b l u n t  
bodies  combined with Prandtl-Meyer 
expans ions  for  supersonic  reg ions ;  
isentropic  expansion used for  boundary 
layer  edge and recovery s ta te  cal-  
c u l a t i o n s ,  f l o w  f i e l d  r a d i a t i o n  
not  eva lua ted  
Not included in  program, time 
h i s to r i e s  o f  s t agna t ion  p res su re  
and enthalpy to  be input  
1.1.3  Purpose  of  This  Report  
This  repor t  p resents  a descr ipt ion  of   the  coupled  code.  I t  descr ibes  
the  genera l  na tuxe  of t h e  code and the flow of information from one computation 
p h a s e  t o  t h e  o t h e r .  The r e p o r t  a l s o  d e s c r i b e s  t h e  p h y s i c a l  models  used i n  
each computat ional  phase,  and out l ines  in  some d e t a i l  t h e  n u m e r i c a l  a n a l y s i s  
used in  each phase.  The repor t  does  not  inc lude  a users  guide;  this  has  been 
publ i shed  separa te ly  (Reference  2 ) .  
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SECTION 2 
OVERVIEW OF  COMPUTER PROGRAM AND REPORT 
Figure 1 i l lu s t r a t e s  t he  gene ra l  phys i ca l  p rob lem cons ide red  by  the  
code. 
Physics  Computation 
Main stream C a l c u l a t i o n   o f   r a d i a t i o n  
f l u x   t o   w a l l  
Determination of 
boundary layer edge 
state 
Boundary layer  edge 
Account f o r  boundary  layer  t rans-  
p o r t  o f  mass and energy t o  and 
from su r face  
Determine chemical s ta te  a t  sur -  
f a c e  and perform energy balance 
coupl ing to  in-depth s l u t i o n  
c a l c u l a t i o n  
Substrate -In-depth thermal response 
Figure 1. Sketch  of  Problem  Considered 
In  the  coupled  code ,  the  rout ine  for  the  in-depth  thermal  response  
calculat ions  (Phase V) func t ions   as   the   main ,   cont ro l l ing   rou t ine .  I t  i s  
r e f e r r e d  t o  as MACABRE, af te r  "Mater ia l  Abla t ion  wi th  Chemica l ly  Act ive  
Boundary  Layers i n  Re-Entry". The coupling between Phases V and I V  e f f e c t e d  
through the surface energy balance calculat ion,  which i s  performed by a 
separa te   subrout ine ,  SURFB. This   energy   ca lcu la t ion   na tura l ly   requi res  (among 
other  things)  information about  the enthalpy of  the boundary layer  gases  
a d j a c e n t  t o  t h e  w a l l ;  t h i s  i n fo rma t ion  is c a l l e d  f o r  by SURFB when needed 
and obtained from a package of complex thermochemistry subrout ines  control led 
by subrout ine  EQUIL. I n  a d d i t i o n ,  SURFB r e q u i r e s  v a l u e s  f o r  a convect ive 
t r ans fe r  coe f f i c i en t ,  ob ta ined  a s  needed  f rom subrou t ine  RUCH,  f o r  t h e  l o c a l  
p re s su re ,  ob ta ined  as needed from subroutine RUNLP, and f o r  t h e  l o c a l  r e c o v e r y  
en tha lpy ,  ob ta ined  as needed  from  subroutine PARBL. C a l l s  t o  PARi3L , RUNLP , 
and RUCH c o n s t i t u t e  I V  - I11 - I1 c o u p l i n g ,  f i l l i n g  o u t  t h e  c o u p l i n g  r e q u i r e -  
ments of the code. 
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Sect ions  3 through 9 below descr ibe the var ious computat ional  phases  
and the coupl ing l inks between them. Th i s  necessa r i ly  invo lves  much d e t a i l .  
Sec t ion  10 t hen  p resen t s  a r ecap i tu l a t ion  o f  t h i s  i n t roduc to ry  sec t ion  and  
some ove ra l l  f l ow cha r t s  of the computer code operations which should illus- 
t r a t e  more c l e a r l y  a l l  of  the important  features  of  the program. 
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SECTION 3 
IN-DEPTH  TRANSIENT  THERMAL  CALCULATION 
3 . 1  GENERAL REMARKS 
The  in-depth  transient  temperature  calculation  serves  as  the  control- 
ling  logic  unit  for  the  entire  coupled  computer  code.  (It  also  consumes  most 
of  the  computing  time.)  This  calculation  is  of  the  familiar  finite  differ- 
ence,  lumped-capacity type. The  following  sections  describe  the  nodal  grid 
employed  for  this  calculation  and  the  basic  equations  employed. 
3.2 NODAL LAYOUT AND GEOMETRY 
3.2.1 General  Pattern 
The  geometric  shape  considered,  illustrated  in  Figure 2, is imagined 
to  be  divided  up  into  a  grid  pattern  in  the  customary  manner  for  finite  dif- 
fernnce  computation  schemes.  The area within  each  grid "box" will  be  termed 
a  "node";  this  is  in  contrast  to  terminology  which  calls  each  corner of the 
grid  network  a  node.  The  thermal  capacity  of  each  node is imagined  to  be 
lumped  at  a  single  point  within  the  box;  this  point  will  be  termed  the  nodal 
center. It will  be  convenient  to  assume  for  the  moment  that  the  nodal  cen- 
ter  may  be  located  anywhere  within  the  nodal  box.  Strategies  for  optimizing 
the  location of the  nodal  centers  will  be  discussed  later. 
For convenience,  the  nodes  are  imagined  to  be  quadrilaterals, so that 
the  entire  nodal  network  is  an  assemblage  of  quadrilaterals.  For  bookkeeping 
Heated 
Surf ace 
Insulated 
Surf ace 
Insulated  Surface 
Back Wall 
Convective 
Surface 
heat shield 
Figure 2. Sketch of Typical  Nodal  Layout 
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convenience, the network i s  imagined to  be "complete"  , even though the shape 
o f  t h e  m a t e r i a l  may d i c t a t e  t h a t  some of t h e  mesh boxes are empty.  Both 
nodes (boxes o r  cen te r s )  and  mesh corners  are numbered i n  a row and  column 
system which w i l l  be  l abe led  as an m-n system, where m .denotes  a row and 
n denotes a column.  The m-n mesh scheme may b e  o r i e n t e d  a r b i t r a r i l y  w i t h  
r e s p e c t  t o  t h e  p h y s i c a l  r - Z  coordinate scheme, so t h a t  i n  g e n e r a l  t h e  row- 
column descr ip t ion  might  seem to  be  mere ly  a d e s c r i p t i v e  a r t i f i c e ;  however, 
i n  e x p l o i t i n g  t h e  s i m p l i c i t i e s  a s s o c i a t e d  w i t h  low curva ture  bodies  and  hea t  
s h i e l d s  it has been assumed i n  c o n s t r u c t i n g  t h e  p r o g r a m  t h a t  t h e  h e a t e d  s u r f a c e  
is a t  t h e  t o p  of t h e  co lumns ,  as  ind ica ted  in  F igure  2 .  Thus as su r face  
r eces s ion  occur s ,  t he  boxes  a t  the top of  each column shr ink;  the  o ther  boxes  
r ema in  f ixed .  Th i s  l imi t a t ion  tha t  t he  hea ted  su r face  be  loca ted  a t  t he  top  
of each column i s  merely a convenience procedure exploi ted for  the special  
case of h e a t  s h i e l d s  t y p i c a l  of f a i r ly  b lun t  cones .  Fo r  h igh  cu rva tu re  bod ies  
s u c h  a s  s h a r p  c o n e s  t h i s  r e s t r i c t i o n  becomes inconvenient ,   a l though  Reference 2 
gives an example of the successful use of the code on .a very sharp body. 
* 
The s ide wal ls  of  the nodal  network are  presumed insulated and t h e  back 
w a l l  communicates through a s i m p l e  h e a t  t r a n s f e r  c o e f f i c i e n t  law (p lus  r ad ia -  
t i o n )  t o  a " r e s e r v o i r "  a t  Tres. Thus the   boundary   cond i t ion   a t   t h i s   f ace  
does not involve thermochemistry. 
Three other  "convenience l imitat ions"  have been appl ied t o  the  l ayou t  
of t h e  n o d a l  g r i d .  F i r s t ,  it i s  assumed f o r  t h e  p u r p o s e s  of computing  thermal 
conductances between nodal  centers  that  the mesh scheme i s  near ly  or thogonal ,  
s o  that  conductance may be taken as  conduct ivi ty  times s ide -a rea  d iv ided  by 
length.  Secondly,  it i s  presumed tha t  on ly  one  mater ia l  ab la tes  , and t h a t  
only one mater ia l  i s  exposed to  the  hea ted  su r face .  Th i rd ly ,  it i s  presumed 
t h a t  t h e  p r i n c i p a l  d i r e c t i o n s  of thermal  an iso t ropy  are  a l igned  wi th  the  nodal  
mesh. This   implif ies   computat ions  and  reduces  input   requirements .   For   those 
a p p l i c a t i o n s  i n  which t h e  h e a t e d  s u r f a c e  i n t e r s e c t s  t h e  p r i n c i p a l  d i r e c t i o n s  
of  anisotropy a t  " d i f f i c u l t "  a n g l e s  t h i s  r e s t r i c t i o n  c o u l d  become a major in- 
convenience and more gene ra l  schemes would have to  be  dev i sed  fo r  t hose  p rob-  
lems. 
** 
* 
That is , the  nodal  mesh scheme may be above or below the Z-axis l ine,  may be  
o r i e n t e d  i n  any  genera l  d i rec t ion ,  and  may be "bent"  or  shaped in  any manner 
c o n v e n i e n t  t o  t h e  u s e r  ( s u b j e c t  t o  t h e  l i m i t a t i o n s  d e s c r i b e d  i n  t h e  p a r a -  
graphs fol lowing below).  
A s u i t a b l e  more general  conductance calculating scheme could remove t h i s  
r e s t r i c t i o n  w i t h o u t  any e s s e n t i a l  change t o  t h e  program. 
** 
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3.2.2  Geometry 
3.2.2.1  Location of Nodal  Centers 
The study summarized i n  Reference 3 showed that t o  o b t a i n  a node 
dropping scheme which produce smooth s u r f a c e  t e m p e r a t u r e  h i s t o r i e s ,  it w a s  
necessary  to  avoid  assoc ia t ing  thermal  capac i ty  wi th  the  sur face  tempera ture .  
In  te rms  of  the  convent iona l  thermal  RC ne twork ,  t h i s  means t h a t  a one- 
dimensional scheme  would  look l i k e  F i g u r e  3. All t h e  c a p a c i t y  
node 1 node 5 node 4 node 3 node 2 
~ ~~ 
w"- 
" '"112-+=>==+ -  
I 
Surf  ace I - - 
Figure 3 .  Sketch  of  One-Dimensional  Thermal RC Network 
o f  t he  su r face  node is loca ted  in  the  cen te r  o f  t he  f i r s t  noda l  zone ,  and 
ha l f  o f  t he  the rma l  r e s i s t ance  o f  t h i s  zone i s  interposed between the surface 
t empera tu re   and   t he   t empera tu re   o f   t he   f i r s t   c apac i ty  lump. Note t h a t  f o r  m 
nodes o r  boxes the system has m + l  t e m p e r a t u r e  p o i n t s ,  i n  c o n t r a s t  t o  m o s t  
schemes. Thus f o r  an m x n nodal network scheme, there w i l l  be  m x n nodal 
tempera tures   (assoc ia ted  w i t h  thermal   capaci ty)  plus n sur face   t empera tures  
(not  assoc ia ted  wi th  thermal  capac i ty)  . 
* 
Denoting  the  nodal   center   coordinates  as rN and Z N r  t he   coo rd ina te s  
f o r  node m, n wi th  corner  coord ina tes  as  shown i n  . F i g u r e  4 may be repre-  
s e n t e d  i n  terms of the  corner  coord ina tes  by Equations (1) and ( 2 )  : 
Corner 
m + l  n 
Corner 
m. n 
box 
m, n 
c e n t e r  1 
Corner 
m + l ,  n+l 
Corner 
m, n + l  
Figure 4 .  Sketch  of  Nodal  Center  Location  For  Ablating  .Material  
*The capac i ty  loca t ion  scheme desc r ibed  he re  i s  an improvement over t h a t  
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recommended i n  Reference 3 . 
r 
r c,m,n + 'c,m+l,n + 'c,rn+l,n+l + rc,m,n+l 
N, m, n 
- 
4 
5, m, n - 'c,m,n + 'cIm+l,n + 'c,m+l,n+l + 'c,m,n+l 4 
* 
(Nodes i n  t h e  a b l a t i n g  m a t e r i a l  w i l l  au tomat ica l ly  be  centered ;  the  MACABRE 
use r  has  the  op t ion  to  pu t  back-up  ma te r i a l  noda l  cen te r s  anywhere i n   t h e  
nodal  box. ) 
3.2.2.2 Path  Lengths  for  Conduction 
I n  t h i s  and the  fo l lowing  sec t ions ,  t he  noda l  cen te r  w i l l  have a genera l  
l o c a t i o n  r 
ductances,  it w i l l  be necessary to have thermal path lengths between nodes.  
S ince  mater ia l  p roper t ies  a re  assoc ia ted  wi th  each  nodal  boxl  it i s  convenient 
f i r s t  t o  c o n s i d e r  p a t h  s e g m e n t s  i n s i d e  e a c h  box. I n  g e n e r a l  t h e r e  are four  
path  segments   of   interest   as  shown i n  F i g u r e  5.  The program  computes the 
lengths  L 
N,m,n' N,m,n 2 fo r   i l l u s t r a t ive   pu rposes .   Fo r   comput ing   t he rma l  con- 
mln,B 
m + l ,  n 
General Nodal 
Center  Poin t  
Figure 5. I l l u s t r a t ion   o f   Pa th   Leng ths  
and L i n   t h e  m d i r e c t i o n  as the   d i s t ances   be tween   t he   n .da l   cen te r  
and t h e   c e n t e r s   o f   t h e  m + l  and m faces of t h e  box.  (This i s  because   the  
nodal  cen ter  is usua l ly  on t h e  l i n e  j o i n i n g  t h e  c e n t e r s  o f  t h e s e  two f aces . )  
Thus the   pa ths  B and D have   the   l engths  
mlnlD 
* 
E x c e p t  f o r  t h e  f i r s t  column, i n  which nodal points are c e n t e r e d  o n  t h e  f i r s t  
s ide  of  the  box  (be tween corners  m l l  and m + l , l )  under  the  assumpt ion  tha t  
this l i n e  o f  s i d e s  w i l l  end a t  t h e  body s t agna t ion  po in t .  
9 
rc,m+l,n + rc,m+l,n+l - 
'm, n, B 2 N,m,n l 2  
+I 'c,m+l,n + 'c,m+l,n+l - 2 N,m.n 
rc,m,n+l  c,m,n - + r  
Lrn,n,D = 2 =N,m,n l 2  
S i m i l a r l y ,  for t h e  n d i r e c t i o n   p a t h   l e n g t h s  
r c,m,n + rc,m+l,n - 
'm,n,A = [[ 2 N,m, n 
+ I zc,m,n + z  c,m+l,n - 2 2 N,m,n 1'1% 
= [[rc,m+,,n+, + rc,m,n+l 
Lm,n,c 2 N,  m, n i' - r  
+ I  'c,rn+l,n+l  c,m,n+l - + z  2 N,m. n 1'1% 
3 . 2 . 2 . 3  S ide   a r eas  
Areas of t h e  s i d e s  of each box are a lso  requi red  for  thermal  conductance  
c a l c u l a t i o n s .  F o r  t h e  s i d e s  l e t t e r e d  as shown i n  F i g u r e  6 ,  t he  a reas  are 
Figure 6 .  Nomenclature  of  Nodal  Sides 
10 
given by elementary geometry (Firs t  Theorem of Pappus) 
+ r  1" 
+ ('c,m,n+l - z c,m,n ,.I+ 
Only these  two areas need t o  be computed for  each box,  s ince the areas  on t h e  
o ther  s ides  of  the  nodal  box  are  ident ica l  wi th  the  a reas  A and 
nodes. 
3 . 2 . 2 . 4  Volume 
The volume of the  e lementa l  box i s  by the  Second Theorem 
B of  adjacent  
of Pappus, 
+ z  c ,m+l ,n+l  
+ r2c,m+l,n 
- 
~ , m , n + l ]  + Zc,m,n+l Lr  c,m,n+l . 
3.2.2.5 Geometric  Effects  of  Surface  Recession 
For  nodes  ad jacent  to  the  hea ted  sur face ,  s ide  B may  move due t o  
sur face   recess ion   (ab la t ion) .   This   recess ion   reduces   the   thermal   res i s tance  
between the surface point  and the adjacent  nodal  point ,  increases  t ransverse 
thermal  res is tances  (as  discussed below) , and reduces the thermal  capaci ty  
associated with the nodal  center  of  the nodal  box a d j a c e n t  t o  t h e  s u r f a c e .  
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The program assumes t h a t  t h e  s u r f a c e  r e c e s s i o n  o c c u r s  so  as t o  m a i n t a i n  t h e  
r a t i o s  
S1,SZ = s u r f a c e  
p o i n t s  
1 -ea r l i e r  cen te r  of 
su r face  node 
c e n t e r  of 
m,n+l  Surface  node 
Figure 7.  Sketch  of  Surface  Nodal Box Undergoing  Recession 
a 2 b 2   c 2  
al bl c1 
as shown i n   F i g u r e  7.  The b l i n e   j o i n s   t h e   c e n t e r s   o f   t h e  m + l  and m planes 
and s e r v e s  t o  d e f i n e  t h e  l o c a t i o n  o f  t h e  s u r f a c e  p o i n t  S . The moving corners  
m+l,n and m + l ,  n+ l  a r e  loca t ed  acco rd ing ly ,  and t h e  a r e a s  and  volumes  computed 
* 
as  befr jxe,  except  that  for  these nodes A m,n,A ' Am,n-l,C' 
The noda l  po in t  o r  cen te r  i s  a l s o  presumed t o  move so t h a t  is  i s  * 
always i n  t h e  a r i t h m e t i c  c e n t e r  o f  the nodal  box . Thus the  noda l  cen te r  i s  
"squeezed" toward the back wall  of the nodal box as recession proceeds.  The 
pa th  l eng ths  fo r  conduc t ion  a re  ad jus t ed  acco rd ing ly .  
3 . 2 . 2 . 6  Surface  Shape 
As noted  above  and  i l lus t ra ted  by Figure 7 ,  it is most  convenient  to  
cons ide r  t he  su r face  po in t s  on the l leated surface as  being always located on 
the  nodal  column c e n t e r  l i n e  , t h a t  i s ,  o n  t h e  l i n e  j o i n i n g  t h e  c e n t e r  p o i n t s  
o f   t h e  m + l  and m p l a n e s   ( " p a r a l l e l "   t o   t h e   h e a t e d   s u r f a c e )  , where m is 
t h e  row index of  a nodal box a t  t h e  s u r f a c e  and m + l  i s  the  loca l  co rne r  i ndex  
of the  hea ted  su r face  (see Fig.  7) . .The loca t ion  of  the  sur face  poin ts  is  
al l  the information needed about  the surface for  those ablat ion problems with 
a s p e c i f i e d ,  i n p u t  s u r f a c e  r e c e s s i o n  r a t e  a s  a boundary condi t ion ( the var ious 
ablation problem boundary condition options are described in Section 4 below) , 
s ince  for  those  problems it i s  most  convenient t o  s p e c i f y ,  as i n p u t ,  reces- 
s ion  h i s to ry  a long  the  noda l  cen te r  l i ne .  The noda l  g r id  as inpu t  t hus  se rves  
* 
* 
Except,  as n o t e d  a b o v e ,  f o r  t h e  f i r s t  column o f  noda l  boxes ,  i n  which t h e  
nodal  po in ts  a re  centered  on t h e  f i r s t  s i d e  ( S i d e  A of  Figure 6 )  o f  the  nodal  
box  and t h e  s u r f a c e  p o i n t  S i s  loca ted  a t  the  co rne r  m + l , l  (F igure  7 ) .  
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. . ... . 
t o  d e f i n e  t h e  v a r i o u s  n o d a l  column c e n t e r  l i n e s ,  a n d  t h e  r e c e s s i o n  h i s t o r y  
f o r  e a c h  column t h e n  d e f i n e s  t h e  h i s t o r y  o f  t h e  s u r f a c e  p o i n t s  i n  a p e r f e c t l y  
s t r a igh t fo rward  manner.  However, another important heated surface boundary 
condi t ion  opt ion  involves  not  input  recess ions  but  var ious  energy  and  chem- 
i s t r y  i n f o r m a t i o n  s u f f i c i e n t  t o  c a l c u l a t e  s u r f a c e  m a s s  loss from energy bal- 
ance considerat ions (Option l, d i s c u s s e d  i n  S e c t i o n  4.3 below) . This  ab la t ion  
calculat ion does not  produce recession rates d i r e c t l y ,  o f  c o u r s e ;  i n s t e a d  
it produces  ra tes  of  mass loss from t h e  s u r f a c e .  It w i l l  prove convenient ,  
n e v e r t h e l e s s ,  t o  a d h e r e  t o  t h e  c o n c e p t  o f  t h e  s u r f a c e  p o i n t  which moves along 
t h e  column c e n t e r  l i n e  as recess ion  progresses ,  To d e f i n e  t h e  s u r f a c e  p o i n t  
motion with computed mass loss rates  determined from this  general  energy-  
balance-determined opt ion requires  knowledge of the angle  between the local  
normal t o  t h e  s u r f a c e  and t h e  column center  l ine ,  s ince  computed  mass loss 
may b e  t r a n s l a t e d  d i r e c t l y  i n t o  r e c e s s i o n  a l o n g  a normal t o  t h e  s u r f a c e .  Re- 
cession along the normal may be  pro jec ted  in to  the  nodal  column cen te r  l i n e  
once 
face  
t h a t  
l i n e  
the angle  between these two l ines  i s  known. The d i r e c t i o n  of t h e  s u r -  
normal may convenient ly  be determined from the s lope of  the surface,  
is the  sur face  shape ,  and  of  course  the  d i rec t ion  of t h e  column cen te r  
i s  known. 
I t  i s  obv ious ly  no t  s a fe  to  use  the  s lope  o f  t he  hea ted  ( top )  su r face  
of  the surface nodal  box to  obtain the surface s lope,  s ince in  general  it i s  
ne i the r  poss ib l e  no r  a lways  des i r ab le  to  l ay  ou t  a noda l  g r id  which w i l l  
"conform" t o  t h e  " r e a l "  s u r f a c e  f o r  t h e  e n t i r e  problem  history.   Therefore 
t h e  MACABRE program includes various special  curve-fi t  subprograms which 
compute a su r face  shape  a t  each  t i m e  s t ep  du r ing  the  so lu t ion  a f t e r  examin ing  
t h e  l a y o u t  o f  t h e  s u r f a c e  p o i n t s .  R e f e r r i n g  t o  F i g u r e  8 ,  one  curve f i t  sub- 
program program computes t h e  
Z 
Figure 8. Ske tch   o f   Sur face   Poin ts  
s lope   o f   the   sur face ,   d r /dZ,  a t  s u r f a c e  p o i n t  n a s  t h e  a v e r a g e  o f  t h e  s l o p e s  
between  surface  points  n-1 and n ,  and n and  n+l. Thus 
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Note t h a t  n-1, n ,  and n + l  a r e  s u r f a c e  p o i n t s ,  n o t  n o d a l  c o r n e r  p o i n t s .  
(Problems with only one nodal column have only one surface point .  This  
requires the program to abandon the average slope scheme and t o  u s e  t h e  n o d a l  
box  hea ted  sur f  ace  s lope  as  the  sur face  s lope . )  
Other curve fit r o u t i n e s  a r e  a v a i l a b l e  which  involve  f i t t ed  quadra t ics  
i n  s u c c e s s i v e  i n t e r v a l s .  The User’s Manual gives  recommendations  for  the 
choice of f i t  r o u t i n e s  f o r  d i f f e r e n t  body shapes.  
S p e c i a l  f o r m u l a s  a r e  u s e d  f o r  t h e  s l o p e s  a t  t h e  f i r s t  and second 
sur face  poin ts ,  however ,  in  order  to  harmonize  the  a r ray  of su r face  s lope  
values  with some basic  assumptions made i n  t h e  c o n v e c t i v e  t r a n s f e r  c o e f f i c i e n t  
r o u t i n e s .  S i n c e  t h e  f i r s t  column su r face  po in t  i s  presumed t o  b e  the s t ag -  
n a t i o n  p o i n t ,  t h e  s l o p e  h e r e  is set  t o  a ve ry  l a rge  pos i t i ve  va lue .  I t  is 
assumed t h a t  t h e  s u r f a c e  is spher ica l  be tween the  f i r s t  and  second poin ts ,  
so tha t  t he  second  po in t  su r f ace  s lope  i s  given by 
1 - y  2 $1, = 2y 
where 
Y =  
2 2  - 21 
r 
2 
With sur face  s lope  de te rmined ,  the  sur face  movement AS computed dur ing  
the time s t e p  may be  pro jec ted  onto  the  nodal  box  center  l ine ,  and then  the  
Figure 9 .  Sketch  of  Surface  Geometrical 
Relat ionships   (exaggerated)  
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new nodal volume computed, as ind ica t ed  in  the  exagge ra t ed  ske tch  o f  F igu re  9 .  
Actua l  sur face  movement duxing a time s t e p  is l i m i t e d  t o  a small f r ac t ion  o f  
t he  noda l  t h i ckness  to  ensu re  a good approximat ion  to  the  conserva t ion  of  mass. 
N o t e  a g a i n  t h a t  t h e  f i r s t  column is an excep t ion ,  s ince  the  su r face  po in t  is 
loca ted  on t h e  l e f t  c o r n e r ,  n o t  i n  t h e  c e n t e r  o f  t h e  t o p  s u r f a c e .  
3 . 3  INTERNAL CONDUCTION PARAMETERS 
The thermal  res is tances  between nodes and the thermal  capaci ty  of  the 
nodes are calculated each t i m e  i n t e r v a l  from the  ma te r i a l  p rope r t i e s  o f  t he  
node  corresponding t o  i ts  t e m p e r a t u r e  a t  t h a t  t i m e .  The m a t e r i a l  p r o p e r t i e s  
(dens i ty  ( p )  , s p e c i f i c  h e a t  (c) , conduct iv i ty  ( k )  , and emiss iv i ty  (E) a r e  i n -  
put   as   table   look up func t ions   o f   t empera ture .   L inear   in te rpola t ion  is em- 
p loyed  for  mater ia l  p roper ty  de te rmina t ion  a t  t empera tures  in te rmedia te  to  
those  tabula ted .  Cons tan t  thermal  contac t  res i s tances  may be specif ied be-  
tween  any o r  a l l  n o d e s .  The nodal  capac i t ies  and r e s i s t a n c e s  are ca l cu la t ed  
as   fol lows : 
R - 1 - Lm,n,C + Lm,n+l,A + R* 
m,n,A, e km,n,B  +l,B m, n, B 
R - 1 + 'm+l,n,D + R* m,n,B,e - kA+l, n, e m,n,A 
Figure 1 0  shows the   l oca t ions   o f   r e s i s t ances  R and R 
m , n , A , e  m,n,B,O' The 
I Rm, n, B 
m, n-1 
I < I Rm,n,A 
I m,n m , n + l  
0 m-l,n 
F igure  1 0 .  Sketch  of  Thermal  Resistance  Nomenclature 
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r e s i s t a n c e s o n  t h e  o t h e r  two s i d e s  of the  noda l  box are c a l c u l a t e d  when the 
q u a n t i t i e s  f o r  t h e  a d j a c e n t  n o d e s  are ca lcu la ted .   For   nodes   ad jacent   to  
t h e   s u r f a c e  , however , # Am ,n+l ,A g e n e r a l l y   ( r e f e r   t o   F i g .  6 f o r   a r e a  
nomencla ture) ;  for  these  nodes  
- Lm, n,  c + Lm,n+l, A + Rm*,n,B 
Rm,n,A Am,n,C k men, e % , n + l , ~  km,n+l, e A m,n, c (17) 
I t  shou ld  be  no ted  tha t  an i so t rop ic  the rma l  conduc t iv i ty  va lues  k and k' 
are  used  in  Equat ions  (15) and (16) , r e spec t ive ly .  
3 .4  IN-DEPTH CONDUCTION SOLUTION 
The in-depth conduct ion solut ion i s  t h e  e x p l i c i t  f i n i t e  d i f f e r e n c e  t y p e  
o f t e n  employed f o r  t r a n s i e n t  h e a t  c o n d u c t i o n  a n a l y s i s .  The temperature   of  
node m,n a t  t i m e  8' ( T m , n l e l  ) i s  o b t a i n e d  b y  a p p l i c a t i o n  o f  t h e  f i n i t e  d i f f e r -  
ence energy balance and r a t e  e q u a t i o n s  t o  t h e  n o d a l  volume. 
S o l v i n g  f o r  T m l n l e , ,  one obtains  
1 
+ R  1 .  
1 + 1 Rm,n-l,Al 8 m , n , ~ , e   R m , n , ~ , e   R m - l r n r ~ , e  m, n, 8 m r n r e  (18) 1 )]e+ T 
I n  t h e  program t h i s  e q u a t i o n  is  u s e d  t o  o b t a i n  "new" t empera tu res  fo r  
a l l  nodes except  for  two nodes i n  each column a d j a c e n t  t o  t h e  h e a t e d  s u r f a c e  
and f o r  back  wall  nodes. The n o d e s  n e a r  t o  t h e  h e a t e d  s u r f a c e  a r e  l i n k e d  t o  
the  su r face  t empera tu re  imp l i c i t l y  and hence a spec ia l  p rocedure  is used  for  
the  tempera ture  of  these  nodes ,  as  descr ibed  in  the  next  sec t ion .  
Back w a l l  nodes include a quan t i ty  
ins ide  the  bracke ts  of  Equat ion  (18) , and have T fo rma l ly  equa l  t o  
zero.  
m - 1  , n ,  8 
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The e x p l i c i t  r e l a t i o n  (18) imposes the f a m i l i a r  s t a b i l i t y  r e s t r i c t i o n  on 
t h e  t i m e  s t e p  s i z e  A0 = 8 ' -   8 .  The MACABRE program  automatically  employs a 
c o n s e r v a t i v e  s t a b i l i t y  e q u a t i o n  f o r  i n t e r i o r  n o d e s :  
A B  = q 
Normally f o r   s t a b i l i t y ,   t h e   i n p u t   p a r a m e t e r  TI i s  less than   un i ty .   Sur face  
nodes are  not  considered for  t i m e  i n t e r v a l  c a l c u l a t i o n ,  a s  w i l l  be  expla ined  
below: back wal l  nodes include the terms A m,n,D(h/2 f ~ U E ~ ~ T : , ~ , ~ )  i n  t h e
denominator. 
The a u t o m a t i c  s t a b i l i t y  c r i t e r i o n  c a l c u l a t i o n  may be suppressed for  any 
node i f  t h e  u s e r  is su re  tha t  t he  a l lowed  time s t e p  f o r  t h a t  node w i l l  never 
be  the minimum one for  the  sys tem.  This  saves  some computer t i m e .  
A l t e r n a t i v e l y ,  t h e  s t a b i l i t y  c r i t e r i o n  c a l c u l a t i o n  can be suppressed 
e n t i r e l y .  ~f it i s  not   used ,   then  A 8  must  be  specified.  
3 .5  TEMPERATURES  OFSURFACE  NODES AND SURFACE  POINTS 
Tempera tu res  o f  su r face  po in t s  a r e  de t e rmined  e i the r  by assignment 
(Option 2 )  o r  by sur face  energy  ba lances  descr ibed  in  the  next  sec t ion  (Opt ions  
1 and 3 ) .  The surface  energy  balance  determines  the new surface  temperature  of 
t he   n th  column TA w i t h   a n   i m p l i c i t   i t e r a t i o n   t e c h n i q u e .   S t a b i l i t y   c o n s i d e r -  
a t i o n s  d i c t a t e  t h s t  t h e  f i r s t  and second node t empera tures  a l so  be  t rea ted  
i m p l i c i t l y ,  and t h a t  any t ransverse heat  conduct ion l ink (across  columns)  
fo r  su r face  t empera tu res  mus t  be  imp l i c i t .  Th i s  l a t t e r  r equ i r emen t  i s  a 
complex one t o  m e e t  as columns recede: hence the surface temperature  points  are 
no t  l i nked  t r ansve r se ly .  F igu re  11 shows t h e  i m p l i c i t  and e x p l i c i t  h e a t  
conduct ion  pa ths  for  two t y p i c a l  s i t u a t i o n s .  
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Boundary Layer Edge 
Surface  
I m p l i c i t  
Links 
_"""""- E x p l i c i t  
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Figure 11. Ske tch  o f  Impl i c i t  and Explicit   Temperature  Links 
i n  F i n i t e  D i f f e r e n c e  S o l u t i o n ,  f o r  Two Typica l  S i tua t ions  
I n  g e n e r a l  terms, t h e  e q u a t i o n  f o r  t h e  new temperature of a su r face  
node (no t  a su r face  po in t )  i s  
Tm,n+l,e - Tm,n,e + Tm,n-l,e  Tm,nre 
Tm,n, 8 1 Rm,n,A, e R 
m, n-1, A, 8 
(20) 
This  equa t ion  l i nks  the  new f i r s t  node temperature T m,n,6'  ana t o   t h e  
new temperature  of  the next  node down Tm-l,n,e, .  Ano the r  equa t ion  a l so  l i nks  
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T and Tm-l,n,e,; t h i s  is the  nergy  balance  on  the  second  node down. m,n,8' 
Th i s  has  the  same form as Equation (18) wi th  T 
by. T 
m,n, e and Tm- l  ,n , e rep laced  
m,n, 8' ana T m - l  ,n ,  e r in  the  conductance terms : 
+ T m - 2 , n , ~  - T m - l , n , ~  -+ Tm,n,e'  Tm-l,n,e'  
- 
Rm-2 ,n ,B , 0 Rm-l,n,B,B 1 'm-1 , n t  e 
Equations ( 2 0 )  and ( 2 1 )  between them have  three  new unknown tempera- 
t u r e s  a t  e a c h  t i m e  s t e p :  Ts , n  , e ' , Tm,n ,  e, , and Tm-l e ,  (where m he re  
denotes  the  row i n d e x  o f  t h e  s u r f a c e  m d a l  b o x  i n  Column n ) .  The two equat ions 
may be combined t o  e l i m i n a t e  Tm- l ,n , e , ,  l eav ing  a s imple  l inear  l ink  be tween 
the  su r face  po in t  t empera tu re  Ts and t h e  s u r f a c e  node temperature T 
Formally w e  have a r e l a t ion  be tween  the  two unknowns as 
, n r  8 '  m,n, 0 '  ' 
The surface energy balance has  the general  form (as d e s c r i b e d  i n  t h e  n e x t  
s e c t i o n )  
convection  and  chemical  energy terms (T s , n , e ' )  
+ r a d i a t i o n  t o  w a l l  - r a d i a t i o n  o u t  ( T  s , n , e ' )  
where . the  parentheses  denote  -- . l c t i o n a l  r e l a t i o n s h i p .  The equat ion  is w r i t t e n  
on a u n i t   a r e a   b a s i s .   R e l a t i o n  ( 2 2 )  may b e   s u b s t i t u t e d   i n t o   E q u a t i o n  (23) 
t o  g ive  the  non- l inea r  su r face  ene rgy  ba lance  Equa t ion  fo r  T s , n , e ' :  
convection and chemical energy terms (T s , n , e ' )  
+ r a d i a t i o n  t o  w a l l  - r a d i a t i o n  o u t  ( T  s , n , e '  ) 
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When T has   been  found  f rom  this   equat ion,   the  new s u r f a c e  node  temperature s r n r 8 '  
T may be  found  from  Equation ( 2 2 ) .  For   sur face   nergy   ba lance   op t ions ,  
T i s  known immediately by user  assignment  and  Equations ( 2 0 )  and (21)  
t h e  method f o r  f i n d i n g  T is d e s c r i b e d  i n  S e c t i o n  4 below. ( In  Opt ion  2 , 
m,n,e' 
s ,n ,  0' 
s ,n ,e '  
then determine T m , n , e r  and T m - l , n , e l  a t  once.) 
2 0  
SECTION 4 
IV-V COUPLING TO SURFACE  THERMOCHEMISTRY  SOLUTION 
4.1 GENERAL ASPECTS 
The d i rec t  computa t iona l  l ink  be tween the  subsur face  so lu t ion  and  the  
s u r f a c e  s t a t e  s o l u t i o n  is ef fec ted  through the  sur face  energy  ba lance  ca lcu la-  
t ion .  This  l inkage  was discussed from the point of view of the in-depth 
s o l u t i o n  i n  S e c t i o n  3 above and the energy equat ion wri t ten down in  schemat i c  
terms as Equations (23) and (24) . W e  now must d i s c u s s  t h i s  e q u a t i o n  i n  more 
d e t a i l .  The energy  balance is i l l u s t r a t e d  i n  F i g u r e  1 2 ,  
* 
Figure 1 2 .  Representation  of  Surface  Energy Terms 
During Ablation 
where   the   ind ica ted   cont ro l  volume i s  f ixed  to  the  r eced ing  su r face .  Ene rgy  
f luxes  l eav ing  the  con t ro l  volume inc lude  conduc t ion  in to  the  ma te r i a l ,  r ad ia -  
t i o n  away from t h e  s u r f a c e ,  e n e r g y  i n  any f l o w  of condensed phase material  such 
as   mechanical   removal ,   and  gross   blowing  a t   the   surface.   Energy  inputs   to   the 
c o n t r o l  volume include radiat ion in  f rom the boundary layer  and enthalpy f lux 
due t o  t h e  c h a r  f l o w  r a t e .  The f i n a l  i n p u t  i n  t h e  s k e t c h  is denoted -9,. 
I t  inc ludes  a l l  d i f fus ive  energy  f luxes  f rom the  gas-phase  boundary  layer .  
I f  the  in-depth  response  computa t ion  were coupled t o  an exact boundary-layer 
s o l u t i o n ,  t h e  t e r m  -9, would be obtained from that  solut ion procedure and i s ,  
of course ,  a complex func t ion  o f  t he  boundary - l aye r  s t ruc tu re .  I f ,  on  the  
other  hand,  the in-depth response i s  being coupled to  a simplified boundary- 
l a y e r  scheme such as a convect ive f i l m  coeff ic ient  model ,  as w i l l  be done here, 
t h e n  t h e  t e r m  -qa assumes the form of a co r re l a t ion  equa t ion .  
The computation of the surface energy balance requires  f rom the in-  
depth  so lu t ion  a re la t ion  be tween the sur face  tempera ture  and t h e  rate of  
ene rgy  conduc t ion  in to  the  ma te r i a l ,  qcond .  As n o t e d  i n  S e c t i o n  3 above, t h i s  
r e l a t i o n  d e r i v e s  n a c u r a l l y  f r o m  t h e  f i n i t e  d i f f e r e n c e  e n e r g y  b a l a n c e  f o r  t h e  
*For Option 1 c a l c u l a t i o n s .  The s impler  sur face  opt ions  w i l l  be 
d i s c u s s e d  i n  S e c t i o n s  4 . 5  and 4.6 below. 
2 1  
the node ju s t  unde r  the  su r face  and  i s  a s imple  l i nea r  equa t ion  q 
With th i s  i n fo rma t ion ,  t he  su r face  ene rgy  ba lance  cons idesa t ions  a l low de te r -  
mination of the thermochemical erosion rate mc and surface temperature  T 
I t w i l l  be  use fu l  t o  keep  in  mind t h a t  , from th is  po in t  of  v iew,  the  purpose  
of  the in-depth solut ion a t  any i n s t a n t  i s  to  provide  informat ion  about  
cond = a2Tw + b2 '  
W '  
qcond(Tw). The surface  energy  balance  equat ion 
where 
may b e  w r i t t e n  as 
The r e l a t i o n  q cond = f (Tw) i s  de l ive red  by the  in-depth  so lu t ion .  
Other  dependencies  of  interest  are  
'rad 'rad (Tw) 
- 
o u t   o u t  
For  the other  terms,  we  may w r i t e  i n  genera l  
Tw, -qa , qrad, h,, 2' mrr hi = funct ions  of   boundary-  
layer-edge enthalpy, 
p r e s s u r e ,  l o c a l  bound- i n  a 
a r y - l a y e r  s o l u t i o n ,  
laws  for  conserva t ion  
of chemical elements,  
chemica l  equ i l ib r i a  
a n d / o r  k i n e t i c  r e l a t i o n s ,  
upstream events ,  mc 
I f  t h e  boundary layer  t ransport  aspects  of  the problem are  modeled 
by a f i lm coeff ic ient  scheme,  then Equat ion (25)  can be normalized on the  
mass t r a n s f e r  c o e f f i c i e n t  i n  t h e  c u s t o m a r y  manner: 
2 2  
and r e l a t i o n s h i p  ( 2 9 )  becomes 
-9, 
e e M  e e M  
i n  
%' p u c "* p u c  hw , e'ecM hk = func t ions  of bound- a r y  l a y e r  e d g e  en- 
l a w s  for  conser3 .a t ion  
of chemical elements,  
chemical equi l ibr ium 
and/or k i n e t i c  rela- 
t i o n s ,  
a t ha lpy ,   p re s su re ,  
B; 
The gene ra t ion  o f  t hese  r e l a t ionsh ips  i s  the  goa l  of  Phase  I V ,  t h e  
surface thermochemistry solut ion,  to  be discussed below.  For  the present ,  it may 
be  observed  tha t  the  energy  ba lance  coupl ing  proceeds  as  fo l lows:  an i n i t i a l  
guess   o f   the   d imens ionless  mass removal rate BA i s  o b t a i n e d  i n  some manner. 
With t h i s  BL, t h e   q u a n t i t i e s  -4, /peueCM, h w , x  rirQhQ/peueCM, and Tw a r e  
obta ined   f rom  the   sur face   thermochemis t ry   so lu t ion .  The q u a n t i t i e s   h c  and 
q rad  ou t  
balance i s  then  computed,  the qcond as a funct ion  of  Tw having  been  provided  by 
the  in-depth  so lu t ion .  In  genera l ,  however ,  the  sum of   the terms w i l l  not   equal  
ze ro ,  bu t  some a r r o r .  An i t e r a t i o n  p r o c e d u r e  is then  used  to  select  succes- 
s i v e l y   b e t t e r  estimates of BL which   dr ive   the   e r ror   to   zero .   Exper ience  shows 
t h a t  Newton's ,.rocedure, i n  which t h e  d e r i v a t i v e  o f  t h e  e r r o r  w i t h  r e s p e c t  t o  
E: is  u s e d  t o  compute the   next   guess   for  €3; gives  good r e s u l t s .  
a re   then   formula ted   us ing   the  Tw so obtained.  The surface  energy 
4 . 2  COMPUTATIONAL APPROACHES 
4 . 2 . 1  Pre-ce lcu la ted  T a b l e  
I t  i s  e v i d e n t  t h a t  e a c h  i t e r a t i o n  i n  t h e  s e a r c h  f o r  a surface energy 
ba lance ,  i f  per formed as described above, would require a new surface chemistry 
so lu t ion ,  gene ra l ly  in  the  nea r  ne ighborhood  o f  many such .previous  so lu t ions .  
I f  t h i s  state s o l u t i o n  is to  be  ob ta ined  f rom a large subprogram (rather from, 
say ,  s imple  co r re l a t ions )  , th i s  cons tan t  repe t i t ion  of  thermochemis t ry  ca lcu-  
l a t i o n s  would cqnsume an - l acceptab le  amount of  computer t i m e .  This  sugges ts  
t h a t  a t abu la r  approach  in  which t h e  s u r f a c e  s t a t e  s o l u t i o n s  a r e  done before- 
hand fo r   p reas s igned  BL values   would   o f fe r   s ign i f icant   computa t iona l  
economies. As an  example  of this   approach,   consider   one body po in t .  Assume, 
fo r  s impl i c i ty ,  t ha t  chemica l  k ine t i c s  a re  no t  impor t an t :  t hen  the  independen t  
va r i ab le s  in  Equa t ion  (31 )  r educe  to  p re s su re  P ,  boundary layer  recovery 
enthalpy H and Bh.  F igure   13   represents   the   space   o f   these   th ree   independent  
v a r i a b l e s .  The course  of  a t y p i c a l  t r a n s i e n t  s o l u t i o n  m i g h t  b e  a s  r c p r e s e n t e d  
r' 
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i n  t h e  s k e t c h .  As time proceeds ,   so lu t ions   p rogress  
t 
Figure 13. Representation  of  Course  of  Independent 
Var i ab le s  in  Sur face  Hi s to ry ,  One  Body Po in t  
th rough  the   space   o f   the   t ab le   independent   var iab les  BA, H r ,  and P .  The 
d o t s  i n  t h e  p i c t u r e  r e p r e s e n t  s o l u t i o n s  s a t i s f y i n g  t h e  s u r f a c e  e n e r g y  b a l a n c e  
as  time progresses .  Surrounding these points  are  a number o f  o t h e r  p o i n t s  
examined  du r ing  the  i t e r a t ions  to  sa t i s fy  the  su r face  ene rgy  ba lance .  Fo r  
any i t e r a t i o n ,  t h e  s o l u t i o n  p r o c e d u r e  f i n d s  i t s e l f ,  s o  t o  speak ,  wi th in  a 
cube  formed  by t h e   b r a c k e t i n g   t a b u l a r   v a l u e s   o f  BA, H r ,  and P .  The 
dependent   quant i t ies  Tw, -9, /peueCM, hw and h /peueCM have  been  pre- 
c a l c u l a t e d  f o r  t h e s e  t a b u l a r  p o i n t s ;  r e l e v a n t  v a l u e s  o f  t h e s e  q u a n t i t i e s  
f o r  t h e  c u r r e n t  i t e r a t i o n  v a l u e s  of B;, H r ,  and P can  then  be  formed by 
in t expo la t ion  in s ide  the  cube and the  sur face  energy  ba lance  equat ion  ca l -  
cu la t ed .  I f  t he  ene rgy  ba lance  i s  n o t  s a t i s f i e d  t o  some prese lec ted  degree  
of   accuracy,  a new value  of B h  can   be   se lec ted   and   the   p rocess   repea ted .  
r51 R 
The i n t e r p o l a t i o n  f e a t u r e  of t he  t abu la r  approach  d ras t i ca l ly  r educes  
t h e  number o f  s u r f a c e  s t a t e  c a l c u l a t i o n s  w h i l e  a t  t h e  same time allowing 
s u f f i c i e n t   a c c u r a c y .  The preca lcu la ted   t ab le   approach   has   the   fo l lowing  
advantages : 
* 
1. In   pa rame t r i c   s tud ie s ,   t ab l e s   once   gene ra t ed   a r e   u seab le  
f o r  many d i f f e ren t  p rob lems ,  y i e ld ing  even  g rea t e r  economy. 
* 
For example, a t y p i c a l  2000  t i m e  s tep  problem wi th  the  usua l  5 i t e r a t i o n s  
p e r  time s t e p  would r e q u i r e  1 0 , 0 0 0  s u r f a c e  s t a t e  c a l c u l a t i o n s ,  which 
r equ i r e  1 t o  3 seconds  each  for   machines   in   the 7 0 9 4  speed  c lass .  A s i n g l e  
enthalpy table, on the other  hand,  might  involve only about  300 s t a t e  
so lu t ions  (30 B; values  times 10 p re s su res )  , a f a c t o r  o f  30 improvement. 
Mul t ip le  en tha lpy  tab les  reduce  th i s  advantage ,  bu t  usua l ly  only  a few 
en tha lp i e s  a re  r equ i r ed .  
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For most problems, it is d i f f i c u l t  t o  s p e c i f y  a p r i o r i  an 
"adequate"  array of independent   t abular   va lues  EA, H,-,  and P. 
An examinat ion  of  the  preca lcu la ted  sur face  tables be fo re  
execut ion of  the actual  ablat ion-problem-plus- in-depth-solut ion 
can reveal  if t h e r e  a r e  a n y  " h o l e s "  i n  t h e  t a b l e s  i n  areas 
where  energy terms are   vary ing   rap id ly .   Des i rab le  table po in t s  
can be added before the in-depth response run. 
The s u r f a c e  t a b l e s  a r e  f r e q u e n t l y  o f  i n d e p e n d e n t  i n t e r e s t  
i n  t h e m s e l v e s  f o r j u d g i n g t h e  a b l a t i o n  e f f e c t s  u n d e r  v a r i o u s  
condi t ions .  
F i n a l l y ,  w i t h o u t  t h e  t a b u l a r  a p p r o a c h ,  t h e  o c c a s i o n a l  noncon- 
vergent  sur face  chemis t ry  so lu t ion  would  s top  the  en t i re  in -  
depth   so lu t ion   process .  With the   p reca lcu la t ed   t ab l e   app roach ,  
such  so lu t ions  a re  au tomat ica l ly  weeded o u t  o f  t h e  t a b l e s  
without  damage to  the  subsequen t  i n -dep th  so lu t ions .  
On t h e  o t h e r  s i d e  o f  t h e  l e d g e r ,  some b ig  d i sadvan tages  in  the  
precalculated table  approach are  evident  however:  
1. 
2. 
3 .  
4 .  
Figure 1 3 ,  which i s  a r e a l i s t i c  s c h e m a t i c  view Of a t y p i c a l  
c a l c u l a t i o n  h i s t o r y ,  i n d i c a t e s  t h a t  most  of  the laboriously 
ca l cu la t ed  and  assembled  sur face  s ta te  po in ts  in  the  tab le  
a re  never  used  in  the  course  of a g iven  so lu t ion .  
The "mechanical"  l inkage between the surface s ta te  s o l u t i o n  
and the  in -dep th  so lu t ion ,  i . e . ,  t h e  t r a n s f e r  o f  punched  card 
s u r f a c e  s t a t e  o u t p u t  t o  i n p u t  of the in-depth program, leads 
t o  computing delays and occasionally t o  g r o s s  i n p u t  b l u n d e r s  
(wrong decks,  missing parts of decks , e tc . )  . 
Too m-xh s t o r a g e  i s  requi red  by t h e  l a r g e  p r e c a l c u l a t e d  table.  
The system cannot  readi ly  be general ized to  accomodate  more 
parameters.   Both  storage  requirements  and  computation time 
grow out of reasonable bounds.  
This las t  d i f f i c u l t y  would prove t o  b e  a g rea t  s tumbl ing  b lock  in  
the  ab la t ion  code  descr ibed  here ,  which  cons iders  chemica l  k ine t ics  in  
a d d i t i o n  t o  t h e  o t h e r  i n d e p e n d e n t  v a r i a b l e s  BA, H,, and P described above. 
"Kine t i c s "  con t r ibu te  a fou r th  pa rame te r  i n  the  fo l lowing  manner: The 
chemica l  s t a t e  rou t ine  cons ide r s  a number of  s imultaneous equat ions including 
e l emen t  ba l ances ,  equ i l ib r ium re l a t ions ,  and k i n e t i c a l l y  c o n t r o l l e d  r e a c t i o n s  
(References 4 and 5 ) .  Each k ine t i ca l ly  con t ro l l ed  r eac t ion  equa t ion  has  one  
forward rate c o e f f i c i e n t ,  which in  tu rn  compr i se s  one  p re -exponen t i a l  f ac to r  
B m  ( f o r  t h e  masuch r eac t ion )  and a temperature   dependent   quant i ty .  A l l  
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equat ions  a re  normal ized  on t h e  t r a n s f e r  c o e f f i c i e n t  peueCg t h i s  y i e l d s  the 
des i red  independent  var iab le  B '  i n  t he  e l emen t  ba l ances  and also produces 
n o r m a l i z e d  k i n e t i c  r a t e  c o e f f i c i e n t s  Bm/peueCM. Thus any  forward  ra te  coef -  
f i c i e n t s  u s e d  i n  t h e  s t a t e  r o u t i n e  a r e  i n p u t  i n  t h e  form Bm/peueCM, and t h e  
whole se t  of Bm/peueCM v a l u e s  c h a r a c t e r i z e s  t h e  r o l e  o f  k i n e t i c s . 1 n  a given 
problem the s e t  of B,'s is f i x e d ;  t h u s  r e a l l y  t h e r e  i s  only  one  parameter  za l ing  
the k i n e t i c  e f f e c t s .  E x ~ a l t l y  what t h i s  pa rame te r  i s  c a l l e d  i s  not  impor tan t ;  
l e t  it be termed B1/peueCM where B1 r e p r e s e n t s  t h e  f irst  o f  t he  se t  of  kin-  
e t i c a l l y  c o n t r o l l e d  r e a c t i o n s  c o n s i d e r e d .  
Thus the four problem variables,  which would be the independent 
v a r i a b l e s  i n  t h e  p r e p a r e d  table ,  a re :  
1. A b l a t i o n   r a t e  BA 
2 .  Kinet ics   parameter  B1/peUeCM 
3 .  Recovery  enthalpy 
4 .  Pressure 
Four  independent  variables  are  plainly  very  troublesome. First ,  
the  sav ings  in  computa t ion  time a r e  s e r i o u s l y  compromised, s i n c e  t h e  number 
of   preprepared  solut ions  has   gone up by a l a r g e  nvrmber. Second,  machine 
s torage requirements  are now inconvenient ;  several  dependent  var iables  must  
be  s tored  a t  each  poin t  in  an  a r ray  which  might  inc lude  30 x 1 0  x 1 0  x 10 
= 30000 po in t s .   These   d i f f i cu l t i e s   i n   t he   p re -ca l cu la t ed   t ab l e   app roach  
l e a d  t o  t h e  i n v e n t i o n  o f  a r ev i sed  t abu la r  approach  desc r ibed  in  the  nex t  
sub-sect ion.  
4.2.2 Direct-Coupled  Table 
4 . 2 . 2 . 1  General   Descsiption 
I t  i s  o b v i o u s  t h a t  t h e  d i f f i c u l t i e s  i n v o l v e d  i n  t h e  p r e c a l c u l a t e d  
t ab le  approach  to  a "four-dimensional table problem" could be removed wi th  
a "c lose-coupl ing ' '  p rocedure  which  only  ca l led  for  ca lcu la t ion  of  tabular  
va lues  a s  t hey  a re  needed  du r ing  the  ac tua l  i n -dep th  so lu t ion  . A t  any 
ins tan t ,  the  sur face-energy-ba lance-p lus- in-depth  response  so lu t ion  procedure  
f i r s t  examines the corners  of  the "square"  (or  "cube",  depending on t h e  
number of  independent  var iables)  it f i n d s  i t s e l f  i n ,  t o  see i f  t h e  n e c e s s a r y  
dependent  quant i t ies  have been computed and s tored.  I f  not ,  the  in-depth 
r o u t i n e  r e t u r n s  t o  a mas te r  con t ro l  rou t ine  and a s k s  t h a t  any missing 
va lues  be suppl ied .  The master  control  routine  determines  which  corners 
*Another way out ,  no t  cons idered  here ,  is t o  r e d u c e  t h e  number of parameters 
f rom four  to  two  by i g n o r i n g  k i n e t i c s  and by assuming equal diffusion co- 
e f f i c i e n t s  and CM = CH. F o r  t h i s  " c l a s s i c a l "  s i m p l e  c a s e ,  a s  is w e l l  known, 
t h e  e d g e  s t a t e  d o e s  n o t  e n t e r  t h e  d e t e r m i n a t i o n  o f  t h e  s u r f a c e  s t a t e ,  and 
one can use the same  two parameter  sur face  tab le  in  which  B '  and P a r e  t h e  
i n d e p e n d e n t  q u a n t i t i e s ,  f o r  a l l  s u r f a c e  l o c a t i o n s  and a l l  tfmes. 
* 
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n e e d  f i l l i n g ,  calls t h e  s u r f a c e  state program t o  f i l l  them, and then returns 
to  the  in-depth  rout ine ,  which  cont inues  wi th  the  problem so lu t ion .  
Such an approach minimizes the number o f  s t a t e  p o i n t s  c a l c u l a t e d ,  
s i n c e  t h e  f o u r  p a r a m e t e r s  i n  t h e  l i s t  above  sh r ink  to  on ly  th ree  because  
the  second ,  t h i rd ,  and  fou r th  va r i ab le s  (B1/peueCM and edge  s ta te )  can now 
b e  d i r e c t l y  a s s o c i a t e d  w i t h  time =the solut ion progresses ,  a l though when 
t h i s  is done a x i a l  s t a t i o n s  must  be dis t inguished from each other ,s ince 
e a c h  s t a t i o n  w i l l  h a v e  d i f f e r e n t  t i m e  h i s to r i e s .The re  is a n e t  d e c r e a s e  of 
one i n  t h e  number o f  i ndependen t  va r i ab le s .  I f  t he  t a l e s  were t o  b e  p r e -  
c a l c u l a t e d ,  t h e  t h r e e  v a r i a b l e s  w o u l d ,  o f  c o u r s e ,  r e q u i r e  s e p a r a t e  a r r a y s  
s p e c i f i e d  i n  a d v a n c e ,  s i n c e  t h e  t r u e  h i s t o r i e s  of p u C and  edge s t a t e  a r e  
consequences of  the solut ion due to  body s h a p e  e f f e c t s .  With d i r e c t  
coupl ing,  E /p  u C and the edge s ta te  a r e  e f f e c t i v e l y  known funct ions  of  
t i m e  fo r  each  s t a t ion  s ince  the  body  shape  is  t o  b e  c a l c u l a t e d  a t  each 
i n s t a n t .  Thus the   independent   var iab le  l i s t  becomes: 
e e M  
1 e e M  
1. A b l a t i o n   r a t e  E' 
2 .  A x i a l   s t a t i o n  
3 .   T i m e  
Thus the direct  coupled approach br ings us back t o  a three-parameter 
system  and  the same general  economics  as  before.  Another  computational 
economy is i n t r o d u c e d  s i n c e  i n  g e n e r a l  t h i s  a r r a y  w i l l  not be completely 
f i l l e d  i n  t h e  c o u r s e  o f  a t rans ien t  problem.  
Additional economies of computer storage are realized since only 
two t a b l e  v a l u e s  o f  t i m e  a r e  i n v o l v e d  i n  t h e  c a l c u l a t i o n  a t  any one i n s t a n t .  
In s t ead  of h a v i n g  t o  s t o r e  a whole  box  of  so lu t ions  of  the  sor t  shown i n  
Figure 13, t h e  program needs t o  s t o r e  a t  any one t i m e  only adjacent  "sheets"  
of  one box as  indicated in  Figure 1 4 .  A s  soon as  the time passes  out  of  the  
in t e rva l  be tween  the  two s h e e t s ,  t h e  e a r l i e r  ( O n )  o f  t hese  t w o  s h e e t s  is  
discarded  and a new s h e e t  a t  ( temporar i ly  empty of  any dependent 
solut ion  values)   added.  
Thus the  d i rec t  coupled  approach  puts  the  "more-than-three-parameter- 
table" problem within reach economically speaking, and renders it more 
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Figure 1 4 .  Sketch  Indicating  Solution  Space  and 
Solu t ion  "Shee ts"  S tored  a t  Any I n s t a n t  
During Solution 
economical   than  the  precalculated  three-parameter   table   approach.   Further-  
more, it reduces computer storage considerably and reduces mechanical handling 
problems of punched t a b l e s .  
However, i n  t h i s  d i r e c t - c o u p l e d  scheme  two important  procedural  
mat ters  have to  be considered.  These w i l l  be  desc r ibed  in  the  fo l lowing  
sub-sect ion.  
4 . 2 . 2 . 2  Some Dangers in  the  Direct-Coupled  Table  Approach 
The genera l  a t t rac t iveness  of  the  d i rec t -coupled  tab le  approach  i s  
somewhat compromised by two potent ia l  problems:  
1. The use r  w i l l  probably  want t o  s p e c i f y  i n  a d v a n c e  t h e  a r r a y  o f  
tabular   independent  B h  values.  But  what if he makes a poor 
choice,  so tha t  t he  in -dep th  so lu t ion  has  t roub le  f ind ing  a 
surface-energy  balance  with  the  tabular   values   provided? Can 
a scheme be  devised  to  rescue  the problem solut ion by auto-  
m a t i c a l l y  i n s e r t i n q  new t a b u l a r  E; v a l u e s  i n  u n f o r e s e e n  c r i t i c a l  
o r  d i f f i c u l t  a r e a s  o f  t h e  t a b l e ?  
2 .  What can  be  done  about  the  occasional  nonconvergent  surface 
s t a t e  s o l u t i o n  o b t a i n e d  from t h e  s u r f a c e  s t a t e  program?  Experience 
shows t h a t  i t  i s  no t  poss ib l e  to  gua ran tee  a converged solution 
from  complex su r face  chemis t ry  rou t ines :  i n  any s u r f a c e  t a b l e  
a r ray  usua l ly  some of the  poin ts  prove  to  be  unobta inable  wi thout  
some hum.an i n t e r v e n t i o n  i n  t h e  form o f  b e t t e r  f i r s t  q u e s s e s  f o r  
t h e  s u r f a c e  s t a t e  program. In  the  coupled  program,  the  in-depth 
scheme  must b e  a b l e  t o  a d j u s t  t o  t h i s  f a c t  and cont inue calculat ing 
2 8  
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even in  the  occas iona l  absence  of a conve rged  en t ry  in  the  su r face  
s t a t e  table. 
The code described here does not contain an automatic answer t o  t h e  
first problem. A somewhat s imilar   coupled  code  (Reference 6) u sed  fo r  
cha r r ing  ma te r i a l s  o f  ve ry  complex composition has shown tha t  such  a f e a t u r e  
is less necessary  than  might  be  supposed a p r i o r i .  I n  any even t ,  a gene ra l ly  
worthwhile  scheme would be very diff icul t  to  devise .  The code  does  contain, 
however, a very  va luable  fea ture  which  successfu l ly  meets most of t h e  d i f -  
f i c u l t i e s  which a r i s e  unde r  po in t  number 1. above.  Carbon a b l a t i o n  i n  a i r  
provides  a worthwhile  example.  Figure 15 shows t h e  dependence on temperature  
o f  c a r b o n  a b l a t i o n  r a t e s  i n  a i r .  Over a wide  range  of  temperature B& is f o r  
a l l  p r a c t i c a l  p u r p o s e s  i n d e p e n d e n t  o f  t e m p e r a t u r e ;  i n  t h i s  r a n g e  t h e  o n l y  
usefu l  independent  var iab le  in  the  sur face  thermochemica l  so lu t ion  process  
is  tempera ture ,  s ince  it would be nearly impossible t o  s e l e c t  a sequence of 
Bd v a l u e s  d i s t r i b u t e d  a l o n g  t h e  p l a t e a u .  
Therefore  , t he  desc r ip t ion  p resen ted  above ,  i n  which BG was used as 
one  of  the  independent  var iab les ,  should  be  ex tended  to  inc lude  tempera ture  
as  an independent   var iab le   in   p lace   o f  BG,  a t  l e a s t  i n  some cases .   Figure 15  
a l s o  shows,  however, t ha t  t empera tu re  i s  no t  a good independen t  va r i ab le  in  
some ins t ances .  
I I 
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Figure 15. Ablation  Rate B& Versus  Temperature 
f o r  Carbon i n  A i r  
A t  h igh temperatures  B& becomes strongly dependent on T ,  so  t h a t  BA i s  t h e  
prefer red  independent  var iab le .  
This  general   problem i s  r a t h e r  t y p i c a l ,  i t  turns  out.   Consequently 
the  s ing le  independen t  va r i ab le  r ep resen ted  by B b  i n  F i g u r e  14 h a s ,  i n  t h e  
code, a more complex  dual  nature. The va r i ab le  beg ins  wi th  a s t r i n g  o f  
ascending   sur face   t empera ture   (no t  B&) values  (chosen by the  user)   and 
concludes with a s t r ing  o f  a scend ing  B b  va lues  (a l so  chosen  by t h e  u s e r )  . 
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During the s o l u t i o n  p r o c e s s ,  t h e  MACABRE code calls f o r  s u r f a c e  s t a t e  s o l u t i o n s  
a t  t h e  minimum ( f i r s t )  B; va lue  in  each  Bi s t r i n g  and  notes  the  tempera ture  
d i scove red  fo r  t h i s  po in t .  Tempera tu re  po in t s  i n  the  t empera tu re  s t r ing  above  
th i s  t empera tu re  a re  ignored .  In  so lv ing  fo r  t he  su r face  ene rgy  ba lance  a t  
a g i v e n  p o i n t  a t  a given t i m e ,  t h e  code  compares the  p rev ious ly  formed su r -  
face temperature  T t o  t h e  two t e m p e r a t u r e s  a t  t h e  first B l  va lues  fo r  each  
of  the  two t i m e  s h e e t s  c u r r e n t l y  s t o r e d .  I f  TW i s  less t h a n  e i t h e r  o f  t h e s e  
two v a l u e s ,  t h e  s u r f a c e  e n e r g y  b a l a n c e  i t e r a t i o n  p r o c e s s  w i l l  refer  o n l y  t o  
the  use r - a s s igned  t empera tu re  pa r t  o f  t he  t ab le  (wi th  BGls and other dependent 
i n fo rma t ion  a t  each  t abu la r  po in t  d i scove red  a s  necessa ry  by c a l l s  t o  t h e  
chemis t ry  rou t ines ) .  O the rwise ,  t he  i t e r a t ion  p rocess  w i l l  r e fe r  t o  t h e  
user-assigned B '  p a r t  o f  t h e  t a b l e  ( w i t h  T w ' s  and other  dependent  information 
d i s c o v e r e d  i n  a s i m i l a r  manner as  needed) .  
W 
This  dua l  na ture  mechanism so lves  many o f  t h e  d i f f i c u l t i e s  which niqht 
o therwise  a r i se  under  poin t  1. above. The user  must still e x e r c i s e  some 
caution,  however.  For  example, i n  t h e  c a s e  i l l u s t r a t e d  by Figure  15,  the 
code user  might  begin  h ls  sequence  of  independent  var iab les  wi th  tempera ture  
e n t r i e s  s t a r t i n g  a t  t h e  l o w e s t  t e m p e r a t u r e  o f  i n t e r e s t  ( s a y ,  53O0R) and 
extending up t o  ( a s  a minimum objec t ive)  the  poin t  where  Bd b e g i n s  t o  rise 
above  the  p la teau  va lue  for  the  lowes t  pressure  to  be  encountered .  I t  would 
be conservative and preferable to add temperatures even beyond the "rise 
p o m t "  a t  t h e  h i g h e s t  p r e s s u r e  i n  c a s e  t h e s e  p o i n t s  s h o u l d  b e  n e e d e d  d u r i n g  
the  so lu t ion .  
Af te r  these  tempera ture  va lues ,  Bdls may be added t o  s p a n  t h e  e x p e c t e d  
range of Bd 1s. The user  must  be  carefu l  to  p ick  a minimum Bd s l i g h t l y  above 
the  p l a t eau  va lue .  A Bd v a l u e  n e a r  t h e  s t a r t  o f  t h e  p l a t e a u  o r  o f f  t h e  
p l a t e a u  i n  t h e  low temperature  region is ext remely  undes i rab le  for  two reasons:  
1. The lowest   ass igned BG determines  the  break  between  assigned 
temperature solutions and assigned Bg s o l u t i o n s ;  a low Bd w i l l  
i n  e f f e c t  " d i s q u a l i f y "  a l l  o f  t h e  a s s i g n e d  t e m p e r - - . % u r e  p o i n t s  
ac ross  the  p l a t eau  and l eave  a l a r g e  " h o l e "  i n  t h e  a r r a y  o f  
surface thermochemical  solut ions.  
2 .  For   equi l ibr ium  ca lcu la t ions ,   ass igned  Bd s o l u t i o n s  a t  Bd va lues  
below the  p la teau  have  a high probabili ty of non-convergence 
d i f f i c u l t i e s  i n  t h e  c h e m i s t r y  r o u t i n e s .  
The second  p rac t i ca l  d i f f i cu l ty  c i t ed  above  fo r  t he  d i r ec t  coup led  
tab le  approach  concerns  poss ib le  non-convergent  so lu t ions  in  the  chemis t ry  
rou t ines .  S t r i c t ly  speak ing ,  even  one  such  so lu t ion  shou ld  se rve  to  ha l t  
t h e  e n t i r e  s o l u t i o n  p r o c e s s ,  b u t  f o r t u n a t e l y  t h e  s i t u a t i o n  u s u a l l y  d o e s  n o t  
demand s u c h  d r a s t i c  a c t i o n .  The chemistry  rout ines   a l low a c e r t a i n  number 
o f  i t e r a t i o n s  t o  f i n d  t h e  s ta te  s o l u t i o n ;  f a i l u r e  t o  c o n v e r g e  w i t h i n  t h e  p r e -  
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set allowed number of i t e r a t i o n s  i s  r a r e  and usually means t h a t  t h e  s o l u t i o n  
e i t h e r  i s  osc i l l a t ing  in  the  ve ry  nea r  ne ighborhood  o f  t he  t rue  so lu t ion  
o r  h a s  a r r i v e d  n e a r  t o  t h e  s o l u t i o n  and is proceeding very slowly toward it. 
There fo re ,  u sua l ly  the  MACABRe code may s a f e l y  a c c e p t  a c e r t a i n  number o f '  
non-converged answers. Beyond t h i s  l i m i t ,  the  computation is stopped as a 
sa fe ty  measu re ,  s ince  r epea ted  f a i lu re s  to  conve rge  are u s u a l l y  d u e  t o  l a r g e  
input  b lunders .  
4.2.2.3 The Other  Independent  Var iab les  in  the  Direct Coupled T a b l e  
Sub-section 4.2.2.2 above  has  descr ibed  in  some d e t a i l  t h e  u s e r  i n p u t  
o f  t h e  TJBA s t r ing  of  independent  var iab le  va lues .  There  a re ,  o f  course ,  two 
a d d i t i o n a l  i n d e p e n d e n t  v a r i a b l e s ,  b u t  f o r t u n a t e l y  t h e s e  are qu i t e  s imple .  
The f i r s t  o f  t h e s e  i s  simply body s t a t ion  o r  su r face  po in t .  These  
a re  kept  separa te ,  each  poin t  having  i t s  own s t r i n g  o f  TJBA va lues .  Thus 
t h e  h i s t o r i e s  o f  a l l  t h e  s u r f a c e  p o i n t s  would appear i n  F i g u r e  1 4  as  a 
number o f  s t r ings  o f  so lu t ion  po in t s ,  each  wander ing  in  i t s  own h o r i z o n t a l  
plane ( t he  t i m e  -BA p l a n e ) .  
The l a s t  dimension t o  b e  c o n s i d e r e d ,  t h e  t i m e  dimension, is represented  
by a u s e r  s e l e c t e d  s t r i n g  o f  t i m e  va lues .  The same a r ray  w i l l  b e  u s e d  f o r  a l l  
s t a t i o n s .  I t  is n o t  d i f f i c u l t  f o r  t h e  u s e r  t o  select  a set  of values appro- 
p r i a t e  t o  t h e  t r a n s i e n t  n a t u r e  o f  a given problem. 
T h u s ,  i n  e v a l u a t i n g  t h e  s u r f a c e  e n e r g y  b a l a n c e  a t  any given time, t h e  
su r face  ene rgy  ba lance  rou t ine  r e fe r s  to s t o r e d  t a b u l a r  v a l u e s  o f  T w  and 
e n t h a l p y  q u a n t i t i e s  a t  t h e  two t abu la r  va lues  o f  t i m e  sur rounding  the  cur ren t  
t i m e .  I f  t he  r equ i s i t e  i n fo rma t ion  has  no t  ye t  been  ca l cu la t ed  and s t o r e d ,  
theFILL rout ine  ca l l s  the  thermochemica l  s ta te  program to  supply  th i s  in for -  
mation. I f  a "previous time" p o i n t   ( a t  8 in   the   nomencla ture   o f   Sec t ion  
4.2.2.1 and Figure 1 4 ) i s  b e i n g  f i l l e d  i n ,  t h e  t h e r m o c h e m i c a l  s t a t e  i s  
na tu ra l ly  eva lua ted  a t  s to red  va lues  of t h e  l o c a l  i n d e p e n d e n t  v a r i a b l e s  i n  t h e  
chemis t ry  so lu t ion ,  pressure  and  recovery  en tha lpy ,  a t  tha t  p rev ious  t i m e .  
I f  a " fu tu re  time" table po in t  is b e i n g  f i l l e d  i n ,  t h e F I L L  r o u t i n e  is  obl iged  
t o  o b t a i n  t h e  s t a t e  s o l u t i o n  a t  f u t u r e  l o c a l  v a l u e s  o f  p r e s s u r e  and recovery 
e n t h a l p y .  I f  t h e  u s e r  i s  not  supply ing  these  va lues  as  func t ions  of  t i m e  
(and thereby suppressing some of the automatic  coupl ing features  of  the code;  
see Sec t ion  7 be low) ,  then  these  fu ture  va lues  must  be  es t imated .  Future  
l o c a l  p r e s s u r e  is es t imated  as t h e  f u t u r e  s t a g n a t i o n  p r e s s u r e  times t h e  p a s t  
r a t i o  o f  l o c a l  p r e s s u r e  t o  s t a g n a t i o n  p r e s s u r e  ( i . e .  , based  on  the  cor rec t  
f u t u r e  s t a g n a t i o n  p r e s s u r e ,  b u t  t h e  p a s t  body shape) . S i m i l a r l y ,  f u t u r e  
loca l  recovery  en tha lpy  is es t ima ted  a s  t he  fu tu re  s t agna t ion  en tha lpy  times 
t h e  r a t i o  o f  t h e  p a s t  l o c a l  r e c o v e r y  e n t h a l p y  t o  t h e  p a s t  s t a g n a t i o n  e n t h a l p y .  
* 
* 
The t r a n s f e r  c o e f f i c i e n t  p ueCM i s  a l so  an  independen t  va r i ab le ,  a s  d i scussed  
above; i f  k i n e t i c s  a r e  b e i g g  c o n s i d e r e d  it is h a n d l e d  d i f f e r e n t l y ,  a s  w i l l  
be explained below. 
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(This approximation refers o n l y  t o  " f u t u r e  t i m e "  communication with the state 
r o u t i n e ,  f o r  which an approximate future value of H r  is q u i t e  a d e q u a t e  s i n c e  
H r  has  only a s l i g h t  effect  on the surface thermochemical  s ta te  eva lua t ion :  
i n  t h e  s u r f a c e  e n e r g y , b a l a n c e  e q u a t i o n  e v a l u a t i o n  i t se l f ,  the  "p rope r ly"  
computed cur ren t  recovery  en tha lpy  i s  used.)  
4.2.3 Summary 
Three procedures  have been considered for  coupl ing a s u r f a c e  state 
so lu t ion  to  the  two-d imens iona l  i n -dep th  so lu t ion :  d i r ec t  ca l cu la t ion  a t  
e v e r y  i t e r a t i o n ,  p r e c a l c u l a t e d  tables, and d i r e c t  c o u p l e d  t a b l e s  f i l l e d  i n  
a s  t he  so lu t ion  p rogres ses .  The t h i r d  w a s  shown t o  b e  t h e  o n l y  r e a s o n a b l e  
procedure  for  a two-dimensional  in-depth  solution. A s u i t a b l e  c o u p l i n g  
procedure  requi res  a log ic  rou t ine  to  de t e rmine  wh ich  table points  need 
f i l l i n g  d u r i n g  t h e  s u r f a c e  e n e r g y  s o l u t i o n  p r o c e s s ,  p l u s  some means of  
spec i fy ing  the  va lues  of  the  table independen t  va r i ab le s .  In  the  code ,  t he  
u s e r  s p e c i f i e s  a p r io r i  t he  sequence  o f  B '  va lues  be  cons idered  appropr ia te  
for  each  body s t a t i o n ,  p l u s  a series of time p o i n t s  a t  which solut ions are 
to  be performed.  
4.3 THE CONVECTIVE SURFACE ENERGY BALANCE EQUATION 
Up t o  t h i s  p o i n t ,  w e  have  been  ab le  to  d iscuss  the  IV-V l ink between 
the  in -dep th  so lu t ion  and the surface thermochemical  s ta te  s o l u t i o n ,  which 
is ef fec ted  through the  convec t ive  sur face  energy  ba lance  opera t ion ,wi thout  
d i scuss ing  the  sur face  energy  equat ion  i tself  e x c e p t  i n  i t s  g e n e r a l  n a t u r e ,  
given by Equations  (23) , ( 2 4 )  , (25) , ( 3 0 )  , and ( 3 1 ) .  It is now appropr ia te  
t o  c o n s i d e r  t h i s  e q u a t i o n  i n  more d e t a i l .  As no ted  p rev ious ly ,  t he  su r face  
l inkages are b u i l t  upon a t r a n s f e r  c o e f f i c i e n t  a p p r o a c h :  t r a n s f e r  c o e f f i c i e n t  
equa t ions  a re  used  fo r  mass d i f fus ion  in  the  e l emen t  ba l ance  equa t ions  and 
a t r a n s f e r  c o e f f i c i e n t  t y p e  o f  s u r f a c e  e n e r g y  b a l a n c e  e q u a t i o n  i s  employed 
i n  t h e  IV-V l inkage .  
The proper  choice  of  energy  equat ion  cons t i tu tes  a subject f a r  t o o  
l a r g e  and d i f f i c u l t  t o  d i s c u s s  c o m p l e t e l y  i n  t h i s  r e p o r t .  The MACABRE code 
uses  one of  three different  forms of  the convect ive energy equat ion,  
depending on user  choice.  In  ascending order  of  complexi ty ,  and descending 
order  of  " w e l l  foundedness"  , these equat ions are  
(1) For  equal mass d i f fus ion   coe f f i c i en t s   fo r   boundary   l aye r  
molecules and f o r  C M  = CH (Le = 1) : 
H r  - ( l + B ' ) h w  + B'h + OLWqrad in c c  'eUecH 
- _ _ _  Fo E qcond 
PeuecH 'eUecH 
Tw4 = -
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This  equat ion is a "standard" (see, f o r  example,  Reference 7) one 
and requi res  no  d iscuss ion .  
( 2 )  F o r  e q u a l  d i f f u s i o n  b u t  CM # CH ( L e  # 1) : 
FU €TW 4 awqrad i n  - ~ - qcond = 
'eUecH 'cue% 'eUecH 
+ ( 3 3 )  
This   equa t ion   supposedly   accounts   for  C # CH e f f e c t s ,  and  doubtless M 
does SO if the  boundary  layer  i s  frozen.  The accuracy Of Equation ( 3 3 )  
for  chemica l ly  ac t ive  boundary  layers  has  been  much discussed and the quest ion 
remains  open  (References 7 ,  8 ,  9 )  . 
( 3 )  For  unequal   dif fusion:  
FU ETw 4 
+ - - - - " -  OLwqrad -~ qcond = 
'eUecH "euecH 'eu,% 
(34 )  
This  equat ion ,  in t roduced  in  Reference  10 , a p p e a r s  t o  b e  u s e f u l  f o r  
modeling unequal d.ffusion effects,  a t  l e a s t  i n  f r o z e n  b o u n d a r y  l a y e r s ,  a n d  
c u r r e n t l y  is b e i n g  s t u d i e d  i n  d e t a i l  t o  e s t a b l i s h  i t s  va l id i ty  (Refe rence  9 ) .  
All three of  these  equat ions  ( 3 2 )  , ( 3 3 )  , and ( 3 4 )  s e r v e  t o  p r o v i d e  
e x p r e s s i o n s  f o r  t h e  d i f f u s i o n  e n e r g y  f l u x  -q i n   E q u a t i o n  ( 3 0 ) .  The  con- 
s t i t u e n t s  o f  -9, , which  include  h. ZZ; h y  , and 2 Z* h? 
a 
Wedge e iw 
gas 
are generated by the  chemis t ry  rou t ines  a long  wi th  hw and Tw. The subrout ine  
FILL,  which c a l l s  t h e  c h e m i s t r y  r o u t i n e s  , then  combines the q u a n t i t i e s  i n  
the a p p r o p r i a t e  f a s h i o n  a s  d i c t a t e d  by Equation ( 3 4 )  o r  one  of  the  s impler  
forms ( 3 3 )  and (-2). For  example,  suppose the FILL rou t ine   d i scove r s  a 
r equ i r emen t  fo r  a state s o l u t i o n  a t  a t a b u l a r  B '  and f o r  a g iven  pressure  
and recovery enthalpy. FILL calls t h e  s ta te  r o u t i n e s ,  c o n t r o l l e d  by EQUIL,  
which perform. the state so lu t ion ,  eva lua te  key  p rope r ty  va lues ,  and r e t u r n  
t o  FILL va lues  Tw , hw , P Z* hiTw , hw , Z z  h? . FILL t h e n ,   r e f e r r i n g  
C 
e l e  W 
3 3  
t o  t h e  t e m p e r a t u r e  Tw, looks up t h e  a b l a t i n g  m a t e r i a l  e n t h a l p y  h c  and con- 
s t r u c t s  t h e  t e r m  
and s t o r e s  i t  as one  of  the  dependent  quant i t ies  of i n t e r e s t .  The temperature  
Tw is s to red  a s  t he  second  dependen t  quan t i ty  o f  i n t e re s t .  (On the  a s s igned  
Tw l o w e r  p a r t  o f  t h e  t a b l e ,  EQUIL r e t u r n s  BA and t h i s  i s  s t o r e d . )  
4 . 4  CONVECTIVE SURFACE ENERGY BALANCE ITERATION PROCEDURE 
A t  eve ry  su r face  po in t  a t  which a convective energy balance i s  t o  be 
obtained, the energy balance subroutine must 
decide whether Tw o r  B '  i s  the  proper  independent  var iab le  
t o  i t e r a t e  
select a trial va lue  of  th i s  independent  var iab le  
r e fe r  t o  s to red  dependen t  va lues  o f  ene rgy  quan t i ty  Y 
and temperature Tw ( o r  B; i f  i n  f i r s t  p a r t  o f  t a b l e ) ,  i n t e r -  
po la t ing  as  necessary  on BA and 8 ,  and f i l l i n g  i n  needed 
tab le  poin ts  as  necessary  by  ca l l inq  FILII 
look up aW(TW) and EW (Tw) , grad (8) , l o c a l  F ,  p lus  CM, 
i n  
CH,  and H r ( e )  (which i n  many cases a re  gene ra t ed  by s p e c i a l  
sub rou t ines  desc r ibed  in  Sec t ions  8 and 9 below) 
formula te  the  le f t -hand  s ide  of  Equat ion  (34) , note  depar ture  
f rom zero (error  E )  
if e r r o r  i s  t o o  l a r g e ,  c o r r e c t  t r ial  value of independent 
v a r i a b l e  , go t o  (c)  - 
General ly  this  process  converges very fas t ,  u s u a l l y  w i t h i n  t h r e e  
o f  f o u r  i t e r a t i o n s .  S t e p  ( f ) ,  t h e  c o r r e c t i o n  s t e p ,  i s  based upon t h e  
Newton-Raphson procedure: a t  t h e  same t i m e  t h e  e r r o r  E i s  being  computed, 
t h e  d e r i v a t i v e  of t h e  e r r o r  w i t h  r e s p e c t  t o  t h e  i n d e p e n d e n t  v a r i a b l e  i s  
also formed,  using der ivat ives  of t h e  t a b u l a r  q u a n t i t i e s  Y and Tw ( o r  B b )  . 
The co r rec t ion  in  the  independen t  va r i ab le  i s  then computed d i r e c t l y :  
o r  
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4 . 5  AVOIDING THE SURFACE STATE SOLUTION 
The convective boundary condition described so far  i n  t h i s  s e c t i o n  
does  not  include a l l  problems  of  interest .   Consequently  the  surface  boundary 
condition treatment has been formulated as a t r i p l e  o p t i o n .  The f i r s t  o f  
t hese  ( ca l l ed  Op t ion  1) c o n s t i t u t e s  the convective boundary condition described 
i n  S e c t i o n  4 . 1 - 4 . 4  above. A second  option  (Option 2) mere ly  r e fe r s  t o  inpu t  
t ime-dependent  quant i t ies  for  user  ass igned  va lues  of  sur face  tempera ture  
and  recession rate. A t h i rd  op t ion  (Op t ion  3)  re ta ins  the  energy  ba lance  
aspects of Option 1, but  e l iminates  the convect ive heaTing terms and does 
not   a l low  sur face   recess ion .   This   op t ion  is u s e f u l  f o r  "cool-down'' o r  
"soak -out"  port ions of  problems,  and can also be used  for  ass igned  hea t  
f lux problems in  general  ( through the qrad in v a r i a b l e )  i f  s u r f a c e  r e c e s s i o n  
i s  n e g l i g i b l e .  The h e a t i n g  o p t i o n  may be  changed a t  t h e  u s e r ' s  c h o i c e  a t  
any t i m e  f o r  a given column o r  s u r f a c e  s t a t i o n ,  and the  hea t ing  op t ion  a s s ign -  
ments may va ry  in  any manner around t h e  body a t  a given t i m e .  
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SECTION 5 
SURFACE  STATE CALCULATION - PHASE I V  
5.1 INTRODUCTION 
Sec t ion  4 above  has  descr ibed  the  convec t ive  sur face  energy  ba lance  
boundary condition and described the use  made i n   t h i s  boundary condition 
ca lcu la t ion  of  computer  subrout ines  for  eva lua t ing  var ious  hea ted  sur face  
thermochemical s ta te  var iab les ,  ch ie f ly  en tha lpy  and  molecular  composi t ion .  
For a res t r ic ted  range  of  problems it wou ld  be  poss ib l e  to  avo id  the  use  
of chemis t ry  rou t ines  fo r  t h i s  ca l cu la t ion  and  in s t ead  r e ly  on en tha lpy  
co r re l a t ions  and  the  l i ke ,  bu t  fo r  t he  p re sen t  coup led  code  it w a s  s t rong ly  
des i r ed  t o  have a genera l  ab la t ion  program which  could  t rea tany  non-char r ing  
ab la t ing  ma te r i a l  exposed  to  any arb i t ra ry   envi ronment .   For tuna te ly ,  
sui table  thermochemistry rout ines  a l ready exis ted which could be coupled to  
the in-depth response code: the program reported here did not develop these 
chemistry  codes.   Since  these  codes  are   ful ly   descr ibed  e lsewhere  (Refer-  
ences 4 and 5) t h i s  s e c t i o n  w i l l  s e e k  o n l y  t o  g i v e  a general  ovesview of the 
phys ica l  p roblems t rea ted  by the  chemis t ry  rou t ines .  
The thermochemical routines as a package are r e f e r r e d  t o  a s  ACE, 
a f t e r  Aerotherm  Chemical  Equilibrium  code.  This is an inappropr i a t e  
acronym s i n c e  (1) the  rout ines  cons ider  non-equi l ibr ium chemis t ry  as w e l l  
a s  equ i l ib r ium,  and ( 2 )  i n  the coupled code no routine has the name ACE; 
t h e  c o n t r o l l i n g  r o u t i n e  is  c a l l e d  EQUIL. Fo r  h i s to r i ca l  r easons ,  however ,  
w e  sha l l  con t inue  to  ca l l  t he  the rmochemis t ry  package  ACE. 
5 .2  USES  OF ACE I N  MACABRE 
The ACE package is c a l l e d  upon f o r  a number of  computat ional  tasks  
in   the  coupled  code.  I ts  main  use,  of  course, i s  i n  g e n e r a t i n g  s u r f a c e  
thermochemical state s o l u t i o n s .  A s  w i l l  be  discussed below,  these are  open 
system calculat ions involving interact ions between edge gas  and the main 
a b l a t i n g  material. The surface  energy  equat ions (33) and (34) inc lude  
terms l i k e  hw and CKi h'liy o r  CZ; hp , however,which  indicates  another 
needed  thermochemical   calculat ion:   the  molecular  make-up of  the  boundary 
layer  edge  gas  must  be  ident i f ied  and  cer ta in  proper t ies  eva lua ted  ( such  
as  Z ?  ) . Each c a l l  t o '  ACE f o r  a su r face  state s o l u t i o n  i n  f a c t  i n v o l v e s  t h e  
follo8ing  computations : 
edge  gas e . e  
1 
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a c losed  sys tem equi l ibr ium ca lcu la t ion  on edge gas 
alone t o  determine Ki and Z? ; t h i s   c a l c u l a t i o n  i s  
done a t  ass igned  presgure  and  recovery  en tha lpy* .  'e 
an open system ablat ion calculat ion a t  ass igned  pressure ,  
peueCM ( f o r  k i n e t i c  e f f e c t s )  , and e i t h e r  B& o r  Tw 
(depending on l o c a t i o n  i n  i n d e p e n d e n t  v a r i a b l e  a r r a y ) :  
t h i s  c a l c u l a t i o n  may i n c l u d e  k i n e t i c  e f f e c t s  
a f rozen   eva lua t ion   of  hw  and C Z *  h? a t  
edge 'e 
gas 
temperature TW. 
The q u a n t i t i e s  h , Z 2; h p  , hw , and C 2; h? are obtained 
Wedge  e W 
from ACE and  employed a s  desc r lbed  in  Sec t ions  4.3 and 4 . 4  above. 
gas 
(The ACE r o u t i n e  may also be used by t h e  p r e s s u r e  d i s t r i b u t i o n  
and t r ans fe r  coe f f i c i en t  rou t ines  to  gene ra t e  ce r t a in  the rmodynamic  p rope r -  
ties and t r a n s p o r t  p r o p e r t i e s  of the  boundary  layer  gas.   These  properties 
are s t o r e d  for f u t u r e  use  i n  a Moll ier  Chart  (as w i l l  b e  d e s c r i b e d  i n  more 
d e t a i l  i n  S e c t i o n s  8 and 9 below) i n  which P and  he a re  the  independent  
v a r i a b l e s ;  t h e  r e q u i r e d  ACE ca l cu la t ions  a re  the re fo re  c losed  sys t em equ i l i -  
b r ium ca lcu la t ions  of the  edge  gas  a t  ass igned  pressure  and  en tha lpy . )  
The fo l lowing  sec t ions  desc r ibe  the  manner i n  which c a l c u l a t i o n s  
a r e  done i n  t h e  ACE package. 
5.3 P H Y S I C A L  PROBLEMS TREATED BY THE ACE PACKAGE 
The ACE package of  subrout ines  t.reats a wide range of thermo- 
chemical  problems.  Since  these  problems  are  complex,  the  capabili t ies  of 
t h e  ACE package  can  perhaps  bes t  be  i l lus t ra ted  by a set  of  descr ip t ions  
o f  i nc reas ing  gene ra l i t y .  The fo l lowing  sec t ions  descr ibe  such  a graded 
ser ies  of  problems.  
5.3.1 Closed  System in   Equ i l ib r ium 
Closed systems are def ined  as t h o s e  f o r  which t h e  r e l a t i v e  
amounts of  chemical  elements  are  prespecified.  The edge  gas  s ta te  ca l -  
cu la t ions  a re  o f  t h i s  t ype .  
Consider K chemical elements, N k ,  i n t r o d u c e d  i n t o  a previous ly  
Good arguments can be made f o r  u s i n g  the s t a t i c  e n t h a l p y  i n s t e a d ,  b u t  t h i s  
proves  inconvenient  in  the  code.  The d i f f e r e n c e  i n  r e s u l t s  is s m a l l  i n  
any case.  
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evacuated  conta iner .  In  genera l ,  these  e lements  w i l l  i n t e r a c t  t o  form a 
number of  chemical  species , Ni (gas  phase)  and NR (condensed  phases).  
I f  enough t i m e  has  e l apsed  so t h a t  thermodynamic and chemical equilibrium 
is es t ab l i shed ,  t he  the rmodynamic  s t a t e  o f  t he  sys t em,  inc lud ing  the  r e l a t ive  
amounts of chemical species present,  i s  completely determined i f  two inde- 
pendent  hermodynamic  variables  are known . This   condi t ion  may b e   s t a t e d  
mathematical ly  by examining the governing equat ions for  such a system, 
and showing t h a t  t h e  number of independent  equat ions i s  e q u a l  t o  t h e  number 
of unknown q u a n t i t i e s .  
* 
**  
Rela t ions  express ing  the  format ion  of the gaseous chemical species 
from the gaseous chemical elements may b e  w r i t t e n  as fo l lows:  
Similar ly ,  formation of  condensed phase species  f rom the gaseous elements  
is  w r i t t e n :  
K 
'kll Nk (38) 
K= 1 
In  the  above ,  Cki r e p r e s e n t s  t h e  number of atoms of element k i n  a molecule 
o f   spec ie s  i ( g a s )  o r  s p e c i e s  R (condensed).  
If the  gas  phase  spec ie s  a re  assumed to  ind iv idua l ly  behave  a s  
thermal ly  per fec t  gases ,  then  the  equi l ibr ium re la t ion  cor responding  to  
reac t ion   (37)  is 
k = l  
I n  Pi - Cki I n  Pk = I n  K ( T )  
P i  
k= 1 (39) 
where Pk denotes   par t ia l   p ressure   and  K ( T )  i s  the   equ i l ib r ium  cons t an t  
fo r   t he   fo rma t ion   r eac t ion   (37 )  of spec ie s  Ni .  For  each  candidate  condensed 
P i  
"Chemical species" as used here includes molecular,  atomic,  ionic,  and 
Duhem's Theorem. 
** e l e c t r o n  s p e c i e s .  
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phase  spec ies  
K 
k=l 
where 
= ind ica tes  the  ex is tence  of  the  condensed  phase  spec ies  
NE in  equi l ibr ium with gas  phase species ,  and 
< indicates  that  the condensed phase species  NE w i l l  no t  
be  p re sen t  i n  equ i l ib r ium.  
For each chemical element introduced into the system, the conservation 
of atoms d i c t a t e s  that t he  amount of  any  element k i n   t h e   g a s  and  con- 
densed phases  ( regardless  of  molecular  configurat ion)  must  sum t o  t h e  t o t a l  
amount of  element k i n   t he   sys t em.   Ma themat i ca l ly ,   t h i s  may b e   w r i t t e n ,  
for  each element  k ,  as  
Mass f r a c t i o n  
of element k 
i n p u t   t oh e  = x s i p i  + E c ~ ~ x Q  
sys  t e m  i=l 11=1 
nf, 
I L 
where 74 is  a composite system molecular weight* defined by 
and  where X i  i s  a  mole f r a c t i o n  of condensed  phase  species R def ined   as  
xi = molecules of condensed species 9. t o t a l  gas  phase  molecu le s  i ( 4 3 )  
This  is the  molecular  weight  appropr ia te  t o  t h e  i d e a l  g a s  e q u a t i o n  of state 
i f  condensed phases are present.  
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In  add i t ion ,  fo r  t he  gas  phase  spec ie s  , 
par t i a l  p re s su res  mus t  sum t o   t h e   t o t a l  
t h e r e  e x i s t s  t h e  r e q u i r e m e n t  t h a t  the 
sys tem pressure  
= P  
Mixture thermodynamic properties , such  a s  spec i f i c  en tha lpy  , a r e  
r e l a t e d  t o  t h e  s p e c i e s  c o n c e n t r a t i o n s  by equations of the form 
Consider now t h e  number of  independent  equat ions  for  the  sys tem.  The 
number of  gas  phase equi l ibr ium relat ions (39)  is e q u a l  t o  t h e  number of 
gas  phase  species I minus t h e  number of  elements K (because  Equations  (39) 
a r e  t r i v i a l  when i=k)  . I n  a d d i t i o n ,  t h e r e  e x i s t s  a r e l a t i o n  s u c h  a s  ( 4 0 )  
fo r   each   of   the  L candidate   condensed  phase  species   in   the  system.  Note 
tha t  the  sys tem tempera ture  i s  con ta ined  impl i c i t l y  in  Equa t ions  (39 )  and  (40) 
through  the  temperature   dependence  of   the  equi l ibr ium  constants .   There are 
K conservat ion of  e lements  Equat ions ( 4 1 )  , one for  each atomic element  
in t roduced  in to  the  sys tem.  The r e q u i r e m e n t  t h a t  t h e  p a r t i a l  p r e s s u r e s  sum 
t o  the   sys tem  pressure  ( 4 4 )  cont r ibu tes   one   addi t iona l   equa t ion .  For any 
a d d i t i o n a l  thermodynamic p rope r t i e s  o f  t he  mix tu re  ( en tha lpy ,  en t ropy ,  e t c . ) ,  
t he re  ex i s t s  equa t ions  such  a s  ( 4 5 )  . 
Cons ide r  nex t  t he  va r i ab le s  appropr i a t e  t o  th i s  fo rmula t ion  of t h e  
problem. The r e l a t i v e  c o n c e n t r a t i o n s  o f  t h e  I spec ie s  in  the  gas  phase  a re  
given by t h e  P i ' s  and the  amounts  of t h e  L candidate  condensed  phase 
spec ies  a re  g iven  by XL (most o r  a l l  o f  which may b e  z e r o ) .  I n  t h i s  formu- 
la t ion ,  the  composi te  sys tem molecular  weight  , % i s  also a var iable .  There 
a r e  one  each of the  mixture  thermodynamic  variables T ,  P, h ,  s ,  etc.  The 
number of  var iables  and avai lable  independent  equat ions may be summarized as 
4 0  
VARIABLES 
NO. OF SUCH 
VARIABLES 
I 
L 
1 
1 
n 
I t o t a l  
v a r i a b l e s  1 I+L+n+3 
EQUATION 
NUMBER 
(39) 
( 4 4 )  
o f  t h e  t y p e  
( 4 5 )  
t o t a l  
equat ions  
TO. O F  SUCH 
EQUATIONS 
I - K  
L 
K 
1 
n 
I+L+n+l 
Thus ,  there  a re  two less equat ions  than  there a r e  v a r i a b l e s ,  and so i f  two 
i ndependen t  va r i ab le s  a re  spec i f i ed  ( e .g . ,  P and T) i n  a d d i t i o n  t o  t h e  
elemental  composi t ion,  then closure is  obtained and the chemical and thermo- 
dynamic s t a t e  o f  t h e  s y s t e m  may, i n  p r inc ipa l ,  be  de t e rmined .  
The ACE program performs this determination. That i s  , t o  de t e rmine  
the equilibrium thermodynamic and chemical state of any .closed system, one 
needs only t o  f u r n i s h  t h e  ACE program with the elemental  composi t ion,  the 
candidate  gaseous  and  condensed  phase  species, and  two thermodynamic  pro- 
p e r t i e s .  One o f  t h e s e  p r o p e r t i e s  must  be pressure,  and the other  may be 
e i the r   t empera tu re ,   en tha lpy ,   o r   en t ropy .  Given t h i s   i n f o r m a t i o n ,   t h e  ACE 
program w i l l  c a l c u l a t e  and output  the mole f rac t ions  of  each  candida te  
s p e c i e s ,  the tempcLature ,   en tha lpy ,   en t ropy ,   dens i ty ,   e f fec t ive   molecular  
weight ,  equi l ibr ivm and f rozen  spec i f i c  hea t s ,  t he  i s en t rop ic  exponen t ,  and  
a f e w  o t h e r  q u a n t i t i e s  o f  p o t e n t i a l  i n t e r e s t .  
* 
A= a l ready  noted ,  MACABRE o n l y  c a l l s  upon ACE fo r  a s s igned  p res su re  
and  en tha lpy  so lu t ions .  The e d g e  s t a t e  i s  saved momentarily while the 
open system calculat ion is performed. 
*The ACE program must  be suppl ied cer ta in  basic  thermodynamic data  (descr ibed 
in  References  2 and 5) fo r  each  cand ida te  spec ie s  to  be  cons ide red  in  a given 
system.  This  data is c o n t a i n e d  i n  a t h ree  ca rd  set ,  one set  f o r  each  species.  
A c e r t a i n  amount of judgement is r e q u i r e d  o n  t h e  p a r t  o f  t h e  u s e r  r e l a t i v e  
t o  which candidate  species  should be included in  a given system. Frequently 
t h i s  judgement is avo ided  by  s imply  inpu t t ing  da ta  fo r  a l l  spec ie s  con ta in ing  
combinat ions of  the input  e lements .  
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5.3.2 Open Systems i n  E q u i l i b r i u m  - Simplif ied Case 
The bas ic  theory  under ly ing  the  t rea tment  of  open  sys tems may b e s t  b e  
i l l u s t r a t e d  by examining  the  equat ions  express ing  the  conserva t ion  of chemical 
elements and energy a t  t h e  a b l a t i n g  s u r f a c e .  I f  t h e  b o u n d a r y  l a y e r  is charae- 
t e r i z e d  by e q u a l  d i f f u s i o n  c o e f f i c i e n t s ,  a n d  i f  no m a t e r i a l  i s  removed  from 
t h e  s u r f a c e  i n  a condensed phase (i  .e. , no  mechan ica l  e ros ion  o r  l i qu id  l aye r  
removal ) ,  then  these  equat ions  take  on a p a r t i c u l a r l y  s i m p l e  form f o r  e q u i -  
l i b r ium sys t ems .  Th i s  s impl i f i ed  s i tua t ion  w i l l  b e  c o n s i d e r e d  i n  t h i s  s e c t i o n  
and these  cons idera t ions  w i l l  be  ex tended  to  more g e n e r a l i z e d  c a s e s  i n  
Sec t ions  5.3.3 t o  5.3.5.  
C o n s i d e r  f i r s t  t h e  f l u x e s  of chemical  elements ( k )  en te r ing  and  
leaving  a c o n t r o l  s u r f a c e  a f f i x e d  t o  t h e  a b l a t i n g  s u r f a c e .  The s o l i d  m a t e r i a l  
may be   v i sua l i zed   a s  moving i n t o  t h i s  s u r f a c e  a t  a r a t e  6 .  I f  it i s  assumed 
t h a t  no ma te r i a l  i s  being removed i n  a condensed phase,  then the surface 
and t h e  f l u x e s  o f  t h e  kth chemical element may b e  i l l u s t r a t e d  as 
Figure 1 6 .  Abla t ing   Sur face  Mass Balance 
Terms supe r sc r ip t ed  by a t i l d e  ( - )  r e p r e s e n t  t h e  t o t a l  mass f r a c t i o n  o r  f l u x  
of   e lement   k ,   independent   of   molecular   configurat ion.  Thus 
I 
'kW = 'k?iw 
i=l 
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I 
I 
‘kW = ukijiw 
i=l ( 4 7 )  
where k p e r t a i n s   t o   e l e m e n t   k ,  i p e r t a i n s   t o   s p e c i e s  i, and is the 
mass f r ac t ion   o f   e l emen t  k i n   s p e c i e s  i. Fluxes  of   e lement  k away from 
the  sur face  cons is t  o f  boundary  layer  d i f fus ion  and  gross  mot ion  of  the  f lu id  
a d j a c e n t  t o  t h e  s u r f a c e  d u e  t o  t h e  i n j e c t i o n  f l u x  AC. 
o’ki 
From the above sketch, it is seen  tha t  conserva t ion  of  chemica l  
e lements  requi res  tha t  
jkw + (PV) K = r;l K 
kw kc 
Summing Equation ( 4 8 )  o v e r   a l l   e l e m e n t s  k y i e l d s   t h e   t o t a l  mass con t inu i ty  
equa t ion  ( fo r  t he  case  when t h e r e  i s  no condensed phase material removal) 
( P v ) ,  = m C ( 4 9 )  
An important fundamental  of the present mathematical  modeling of the ablation 
process  i s  the  expres s ion  o f  t he  d i f fus ive  hea t  and mass f l u x e s  i n  terms of 
a t r a n s f e r  c o e f f i c i e n t  f o r m u l a t i o n .  
I n   t h i s   f o r m u l a t i o n ,   t h e   d i f f u s i o n a l  term -j i s  w r i t t e n  
kW 
U t i l i z i n g  t h i s  t r a n s f e r  c o e f f i c i e n t  f o r m u l a t i o n  (50 )  f o r  t h e  d i f f u s i o n  
f lux  in  the  e l emen ta l  ba l ance  Equa t ion  ( 4 8 )  y i e l d s  
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."1..1.. ... ,.., - ."_ 
I n  terms of d imens ion le s s  ab la t ion  r a t e  B& and solving (51) for t h e  total  
mass f r a c t i o n  of element k a t  t h e  w a l l  y i e l d s  (for e q u a l  d i f f u s i o n  c o e f f i c i e n t s  
and no condensed phase material removal) 
- kc  K, = 
Given t h e  r e l a t i v e  amounts of chemical elements specified by (52) I t h e  
chemical and thermodynamic s ta te  o f  t he  gases  ad jacen t  t o  t h e  a b l a t i n g  s u r f a c e  
may be ca l cu la t ed  f rom equ i l ib r ium re l a t ions .  
S ince  the  gases  are i n  e q u i l i b r i u m  w i t h  t h e  a b l a t i n g  s u r f a c e  
k = l  
i f  9. r ep resen t s  t he  su r face  spec ie s ,  and  
(53) 
( 5 4 )  
f o r  a l l  other  candidate  condensed phase species .  I n  the  p re sen t  fo rmula t ion ,  
(54) may be thought   o f   as   be ing   used   to   ident i fy   sur face   spec ies  R f o r  
which  (53)  applies. The e q u i l i b r i u m   r e l a t i o n s  for gas   phase  species  i s  of 
the form 
K 
and t h e  p a r t i a l  p r e s s u r e s  must obey t h e  r e l a t i o n  
I 
& = P  
i-1 
I 
The elemental  mass f r a c t i o n s   a d j a c e n t   t o   t h e   s u r f a c e l  K I of (52)   a re  
r e l a t e d  t o  t h e  s p e c i e s  p a r t i a l  p r e s s u r e s  , Pi ,  by r e l a t ions  such  a s  k" 
Thus, i f  P is known and BL is s p e c i f i e d  ( t h i s  may be  va r i ed  pa rame t r i ca l ly  
as w i l l  be  discussed subsequent ly)  , and i f  Tw and Pi are unknowns, t h e n  t h e  
number of  unknowns ana  equa t ions  ava i l ab le  may b e  summarized as 
UNKNOWNS UNKNOWNS 
NO. OF  SUCH . EQUATION NO. OF  SUCH 
NO. EQUATIONS AVAILABLE 
. .  ~~ - . 
I ( 5 5 )  
K . n c  1 (52) 
1 K ( 5 3 )  
I -K 
Tw 1 (56) 1 
( 5 7 )  K 
Unknowns I I + K + 2  - 1 ' 0 "  Equations I + K + 2  
I I. 
:Q I  
% K  
 
-11 T 0 t Z - Y  
qua t ions  1 I + + 2  ' 
Thus, closure i s  ob ta ined  and ,  i n  p r inc ipa l ,  t he  t empera tu re  and 
chemical composition of the gases adjacent t o  t h e  s u r f a c e  may be determined 
i f  P and EA are spec i f i ed .  From the   p re s su re ,   t empera tu re ,  and  chemical 
composi t ion,  the calculat ion of  other  thermodyanmic propert ies  (enthalpy,  
e tc . )  i s  s t r a i g h t f o r n a r d .  
The ACE package of  programs has  the capabi l i ty  t o  determine the 
chemical and thermodynamic s ta te  of  the  gases  ad jacent  to  an  ab la t ing  sur -  
f a c e  i n  a f a s h i o n  s i m i l a r  t o  t h a t  d i s c u s s e d  h e r e .  I n  t h e  c o u p l e d  MACABRE 
code ,   the  ACE group i s  t y p i c a l l y  c a l l e d  w i t h  p r e s s u r e  P known and B '  
ass igned  as   an  independent   var iable  by the   u se r .  The temperature  T and 
o t h e r  s t a t e  d a t a  are then   de te rmined .   Al te rna t ive ly ,  Tw may be  ass igned 
( in  the  lower  t empera tu re  pa r t s  o f  t he  t ab le s ,  as d i s c u s s e d  i n  S e c t i o n  
4.2,2.2 above)  and B '  i s  determined. 
C 
W 
C 
5.3.3 Open Sys tems in  Equ i l ib r ium - Unequal  Diffusion Coeff ic ients  
The d i scuss ion  o f  t he  p rev ious  sec t ion  w a s  l i m i t e d  t o  open systems 
wi th  equal  spec ies  d i f fus ion  coef f ic ien ts  and  no  removal  of  sur face  material 
i n  t h e  condensed phase.  These s implif icat ions were made i n  o r d e r  t o  r e n d e r  
t h e  b a s i c  t h e o r y  easier t o  explain.  While  this  s imple model  i s  reasonably 
a c c u r a t e  f o r  many ab la t ion  s i tua t ions ,  t hese  a s sumpt ions  a re  inappropr i a t e  
f o r  o t h e r s .  F o r  t h i s  r e a s o n ,  c a l c u l a t i o n s  p e r f o r m e d  by t h e  ACE package 
(and  hence  the  MACABRE program) are n o t  r e s t r i c t e d  t o  any of these  s impl i f i -  
ca t ions .  The exten,sion t o  unequa l  d i f fus ion  coe f f i c i en t s  w i l l  be  d iscussed  
f i r s t ,  i n  t h i s  s e c t i o n .  
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The unequa l  d i f fus ion  coe f f i c i en t  model h a s  a l r e a d y  b e e n  b r i e f l y  i n t r o -  
duced i n  S e c t i o n  4.3 above , i n  which Equations (33) and (34) may be compared. 
I n  s i m p l i s t i c  terms, t h e  model r e p l a c e s  t h e  mass f r a c t i o n  d u r i n g  f o r c e s  Ki 
wi th  modif ied dr iving forces  Zi . A s imi l a r  mod i f i ca t ion  mus t  be  made i n  
t h e  ACE t rea tment .  The d i f fus iGe flu of  element k a t  the w a l l  i s  now 
modeled by 
* e 
'kw e e M * = p u c  :z; -2;) e 
- 
I n  ( 5 8 ) ,  Z; i s ,  i n - e f f e c t ,  a weighted  average  of  the  mole and  mass f r a c t i o n s  
of element k .  The Z; a re  de f ined  by 
~ 
i=l 
ZTK1-Y (where y P 2/3, see 
z; = I Ref. 10 1 
Ki/Fi 
i=l 
( 5 9 )  
where t h e  Fi a r e  d i f f u s i o n  f a c t o r s  d e f i n e d  by t h e  f o l l o w i n g  r e l a t i o n  f o r  
t he  b ina ry  d i f fus ion  coe f f i c i en t s  
where 5 i s  a c o n s t a n t  f o r  a given temperature  and pressure and the F depend 
weakly on temperature.  The -0 must  obey ( 6 2 )  i n   o r d e r   f o r   t h e  boundary 
l a y e r  s p e c i e s  d i f f u s i o n  e q u a t l o n s  t o  r e d u c e  t o  a form  from  which (58)  can 
be  in fe r r ed  by s imilar i ty   arguments .   Reference 11 demons t r a t e s  t ha t  t he  
b i n a r y  d i f f u s i o n  c o e f f i c i e n t s  f o r  a var ie ty  of  chemica l  sys tems are  accura te ly  
c o r r e l a t e d  by ( 6 2 ) .  This  re ference  a l so  shows t h a t  a reasonably good cor- 
r e l a t i o n  e q u a t i o n  f o r  t h e  F i s  
i 
t j  
i 
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when 5 is taken as t h e  s e l f - d i f f u s i o n  c o e f f i c i e n t  o f  02. Addi t iona l  d i s -  
cuss ion  r e l a t ive  to  th i s  unequa l  d i f fus ion  coe f f i c i en t  fo rmula t ion  is con- 
t a i n e d   i n  Appendix A. 
Cons idera t ion  of  unequal  d i f fus ion  coef f ic ien ts  a f fec ts  the  sur face  
elemental  balance relat ionships  which are  needed to .determine the equi l ibr ium 
thermochemical s ta te  a t   t he   su r f ace .   Subs t i t u t ing   (58 )   i n to   (48 )   y i e lds  
and t h e  "unknowns" here  
in  te rms  of  the  spec ies  
4 
- I 
a r e  Kk and Z; , each  of  which may be  xpressed 
par t iaY pressur& 
and 
I 
where 7n is t h e  mean molecular weight of the gas phase and F is a mean Fy 
defi*ned as 
9 i 
i=l 
4 7  
S u b s t i t u t i n g  t h e s e  e x p r e s s i o n s  i n t o  ( 6 4 )  a n d  u t i l i z i n g  t h e  d e f i n i t i o n  o f  B' 
y i e l d s  a n  e x p r e s s i o n  f o r  t h e  s p e c i e s  p a r t i a l  p r e s s u r e s  a t  t h e  s u r f a c e  i n  
terms of q u a n t i t i e s  a t  t h e  boundary l aye r  edge  and  in  the  ma te r i a l  
C' 
Note tha t  (68 )  r educes  to  ( 5 2 )  when t h e  d i f f u s i o n  c o e f f i c i e n t s  a r e  e q u a l .  
When per forming  unequal  d i f fus ion  coef f ic ien t  open  sys tem ca lcu la t ions ,  
t h e  ACE program u t i l i z e s  ( 6 8 )  r a t h e r  t h a n  ( 5 2 )  as  the  e l emen ta l  mass balance 
equat ions .  Other  than  th i s  , the  so lu t ion  phi losophy is e s s e n t i a l l y  a s  
d i s c u s s e d  i n  S e c t i o n  5 . 3 . 2 .  The d i f f u s i o n  f a c t o r s  u t i l i z e d  i n  t h e  ACE pro- 
gram may b e  c a l c u l a t e d  i n  t h r e e  w a y s ,  a t  t h e  u s e r ' s  o p t i o n  
a .  d i f f u s i o n  f a c t o r s  Fi may b e  i n p u t  i n d i v i d u a l l y  f o r  
each species  i 
b. d i f f u s i o n   f a c t o r s  may be   ca lcu la ted   accord ing   to   (63)  
w i th  the  use r  spec i fy ing  the  r e fe rence  molecu la r  
weight ,  ref, and the  exponent E 
c. i f  t he  use r  does  no th ing  spec ia l ,  t he  p rogram w i l l  
c a l c u l a t e  Fi accord ing   to   (63)   wi th  ref = 23.4  and 
E = 0.431. 
The ac tua l  p rog ram inpu t  fo r  t hese  a l t e rna t ives  i s  d i scussed  in  Refe rence  2 .  
I t  s h o u l d  a l s o  b e  p o i n t e d  o u t  t h a t  t h e  d i f f u s i o n  f a c t o r s  h a v e  a n  e f f e c t  o n  
t h e  o t h e r  t r a n s p o r t  p r o p e r t i e s  c a l c u l a t e d  by t h e  ACE program, and these are 
b r i e f l y  d i s c u s s e d  i n  Appendix A. 
Fo r  unequa l  d i f fus ion  coe f f i c i en t s ,  t he  t r ans fe r  coe f f i c i en t  fo rmula -  
t i o n  f o r  t h e  s u r f a c e  e n e r g y  e q u a t i o n  is Equa t ion   (34 ) .   Cons i s t en t   w i th   (34 ) ,  
for  unequal  diffusion coeff ic ient  problems,  the surface thermochemistry 
q u a n t i t i e s  p r e p a r e d  by t h e  ACE program inc lude  the  quant i ty  
2 2: hi TW 
i=l W 
i n  a d d i t i o n  t o  t h e  q u a n t i t i e s  p r e v i o u s l y  d i s c u s s e d .  Note   aga in ,   tha t   for  
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equa l  d i f fus ion  coe f f i c i en t s  
S i m i l a r l y  , t h e   q u a n t i t i e s  
and 
hw f rozen 
edge gas 
are computed a f t e r  r e f e r e n c e  t o  t h e  p r e v i o u s  a u t o m a t i c a l l y  computed  and 
s to red  edge  so lu t ion .  
5.3.4 Open Systems - In   Equ i l ib r ium -. With Condensed  Phase  Surface 
Mater ia l  Removal 
Cons idera t ions  to  th i s  po in t  have  been  based  on the  assumpt ion  tha t  
a l l  t h e  mass l eav ing  an  ab la t ing  su r face  is  in  the  gas  phase  and t h i s  flux 
has  been  denoted by (pv),.  However, f o r  many a b l a t i o n  s i t u a t i o n s  o f  i n t e r e s t ,  
some o f  t he  ma te r i a l  l eav ing  the  su r face  i s  i n  a condensed phase - e - g . ,  
l i q u i d  l a y e r  removal or   "mechanical   ablat ion".  The condensed  phase  removal 
a f f e c t s  b o t h  t h e  s u r f a c e  m a s s  and energy  balances  (Reference 1 0 ) .  For t h e  
sur face  e lementa l  ba lance ,  there  i s  an a d d i t i o n a l  f l u x  t e r m  
L 
'L'k, 
L=1 
l e a v i n g  t h e  s u r f a c e .  T h i s  r e s u l t s  i n  t h e  s u r f a c e  e l e m e n t a l  b a l a n c e  ( i n  
terms of  the  spec ie s  pa r t i a l  p re s su res  - analogous to  (68)  having  the  form 
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for  each atomic 
mass con t inu i ty  
element k .  Summing over  a l l  e lements  y ie lds  the  obvious  ne t  
r e l a t i o n  
S i m i l a r l y ,  t h e r e  is an addi t iona l  energy  f lux  term 
L 
II=1 
leav ing   t he   su r f ace .  The surface  energy  balance  equat ion becomes (analogous 
t o  ( 3 4 )  
r 
peuecH (Hr - hw) f rozen  (2; - 2; )h i  TW + EA hc 
edge gas W 
The condensed phase surface material removal model cu r ren t ly  inco r -  
p o r a t e d  i n  t h e  ACE program i s  termed a “fai l  temperature  model“ .  According 
t o  t h i s  model, a “ f a i l  t e m p e r a t u r e ” ,  Tfai l -&,  may be  pre-ass igned  to  any 
candidate  condensed  phase  species L. This  spec ies  w i l l  then  be removed 
f rom the  sur face  ( in  a condensed  phase) a t  a r a t e  ma if the  surface tempera-  
t u r e  is g r e a t e r  t h a n ,  o r  e q u a l  t o ,  t h e  f a i l  t e m p e r a t u r e  f o r  t h i s  s p e c i e s .  
Addit ional  comments r e l a t i v e  t o  t h e  c o m p u t a t i o n a l  a s p e c t s  w i l l  fo l low a 
b r i e f  d i scuss ion  of t h e  f a i l  t e m p e r a t u r e  c o n c e p t .  
The f a i l  t e m p e r a t u r e  is t h e  t e m p e r a t u r e  a t  which t h e  m a t e r i a l  “ fa i l s“  ,
i . e . ,  the temperature  above which the mater ia l  w i l l  n o t  r e m a i n  a f f i x e d  t o  
t h e  s u r f a c e .  F o r  m e l t i n g  s o l i d s  f o r  which a l i q u i d  l a y e r  is  u n s t a b l e ,  t h e  
f a i l  t e m p e r a t u r e  is s imply  the m e l t  t empera ture .  For  thenochemica l ly  
e rod ing  so l id s ,  t he  f a i l  t empera tu re  migh t  be  s e t  a t  some temperature  
c h a r a c t e r i s t i c  of t h e  m a t e r i a l  y i e l d  t e m p e r a t u r e  a t  t h e  a p p r o p r i a t e  e x t e r n a l  
loading .  Also ,  the  ACE program  has a p r o v i s i o n  f o r  i n p u t t i n g  a maximum 
f a i l  t e m p e r a t u r e  f o r  a l l  condensed  species .   Physical ly ,   th is  maximum f a i l  
temperature might correspond t o  t h e  f a i l  t e m p e r a t u r e  o f  t h e  s u b s t r a t e .  
When f a i l i n g  o c c u r s ,  an a d d i t i o n a l  e q u i l i b r i u m  r e l a t i o n  i s  a v a i l -  
able for each condensed phase species II f o r  which mII > 0 .  Also  the  sur face  
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t empera ture  must  be  cons is ten t  wi th  the  ass ignment  fa i l  t empera tures :  
~w ' * f a i l  f o r  t h e  s u r f a c e  s p e c i e s  
~w ' 'fail f o r  any spec ies  for  which  ma. > 0 
These  add i t iona l  equ i l ib r ium re l a t ions ,  su r f ace  t empera tu re  r e s t r i c t ions ,  
a n d  a s s i g n e d  f a i l  t e m p e r a t u r e s  a r e  s u f f i c i e n t  t o  s o l v e  f o r  t h e  a d d i t i o n a l  
unknowns rhk in t roduced  in to  e lementa l  mass b a l a n c e  r e l a t i o n s .  The en tha lpy ,  
Ha. , of the condensed phase being removed is determined from the species 
thermochemical  data. I f  Tfail < Tmelt, Ha. is taken   as   the   en tha lpy   of   the  
s o l i d ,  and i f  Tfail Tmelt, Ha. i s  taken   as   the   en tha lpy   of   the   l iqu id .  The 
c o n v e n t i o n  f o r  a s s o c i a t i n g  f a i l  t e m p e r a t u r e s  w i t h  e a c h  o r  a l l  c a n d i d a t e  
condensed phase species w i l l  be  spec i f i ed  in  Refe rence  2 . * 
In communicating back t o  MACABRE, t h e  ACE package amalgamates t h e  
terms (pv) wHw and 
L 
by su i t ab ly  mod i fy ing  the  r e tu rned  va lue  o f  Hw. Thus FILL c o n s t r u c t s  t h e  
q u a n t i t y  Y a s  desc r ibed  in  Sec t ion  4 . 3  w i t h o u t  s p e c i f i c  r e f e r e n c e  t o  f a i l i n g  
events .  
5.3.5 Non-Equilibrium Effects i n  Open System  Calculation 
T o  c a l c u l a t e  t h e  e q u i l i b r i u m  s t a t e  of a chemical system, information 
r e l a t i v e  t o  a l l  c h e m i c a l  r e a c t i o n s  is  not   needed.   This   fact   permits  a 
s i g n i f i c a n t  s i m p l i f i c a t i o n  i n  t h e  problem formulation, and those features 
o f  t he  ACE package discussed thus far  take advantage of  these s implif ica-  
t i o n s .  F o r  some sys tems  of   in te res t ,   however ,   the  effects of   reac t ion   k in-  
etics may not  be neglected.  A gene ra l  so lu t ion  o f  complex  problems f o r  which 
r e a c t i o n  k i n e t i c s  e f f e c t s  a r e  i m p o r t a n t  is p o t e n t i a l l y  d i f f i c u l t  f o r  a t  
l eas t ' two  reasons :   a )   there  are s ign i f i can t   computa t iona l  and  bookkeeping 
problems associated with the analyt ical  t reatment  of  mixed equi l ibr ium and 
nonequi l ibr ium systems,  and b )  f o r  many sys tems of  engineer ing  in te res t ,  
t h e  r a t e  c o n t r o l l i n g  r e a c t i o n s  a r e  n o t  w e l l  known and/or r a t e  c o n s t a n t s  
fo r  t hese  r eac t ions  a re  unava i l ab le .  The ACE package  of  rout ines  e f fec t ive ly  
*For  carbon ablat ion in  a i r ,  t he  f a i l  t empera tu re  concep t  is  of almost no 
in t e re s t .  Graph i t e s  l oaded  wi th  me ta l s ,  however , t end  t o  f o r m  t h i n  
o x i d a t i o n  r e s i s t a n t  o x i d e  c o a t i n g s  which g e n e r a l l y  a b l a t e  by melt ing.  
The ACE package w i l l  p r o p e r l y  i d e n t i f y  any such oxides formed, and the 
f a i l  t e m p e r a t u r e  mechanism allows them t o  b e  a b l a t e d  r e a l i s t i c a l l y .  F a i l .  
temperatures  are u s e f u l  f o r  m e t a l  h e a t  s h i e l d s ,  o f  c o u r s e .  
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surmounts the f i r s t  of these problems as d iscussed  in  Reference  4 and as 
w i l l  b e  b r i e f l y  summarized  subsequently. However, d i f f i c u l t i e s  f a l l i n g  i n t o  
the second category above frequently preempt any such  "exac t"  ana ly t ica l  
t rea tment .   In   these   cases ,   var ious   approximate   t rea tments   can   of ten   y ie ld  
useful   information.   These  approximate  t reatments   essent ia l ly   consis t   of  
no t  a l lowing  ce r t a in  spec ie s ,  o r  g roups  o f  spec ie s ,  t o  r eac t  w i th  an other -  
wise  equi l ibra ted  sys tem.  A few examples  of t h i s  s o r t  of  approximate 
t rea tment  w i l l  be  discussed in  the fol lowing paragraphs.  These discussions 
w i l l  be followed by a b r i e f  summary o f  t he  gene ra l  k ine t i c s  op t ion  o f  t he  
ACE program. 
5.3.5.1 Removal of  Selected  Species  from  the  System 
The s implest ,  and perhaps the c r u d e s t ,  way t o  approximate cer ta in  
k i n e t i c  e f f e c t s  i s  t o  simply remove  from the  equ i l ib r ium system those  
spec ie s  whose formation i s ,  i n  r e a l i t y ,  s u p p r e s s e d  by r e a c t i o n  k i n e t i c  
effects .   Computat ional ly ,   these  species  are removed merely by  removing 
the thermochemical data cards for that  molecule from the species thermo- 
chemical  data  deck.  (Reference 2 d e s c r i b e s   t h i s   d e c k   i n   d e t a i l . )  
5 .3 .5 .2   Isolated  Species  
Certain chemical  species  may b e  f r o z e n  i n d i v i d u a l l y  a t  any given 
concentrat ion.   This   t reatment  is sometimes  useful   for   species   which  are  
re la t ive ly  nonreac t ive  because  of  chemica l  k ine t ic  e f fec ts .  For  example ,  
consider the flow of a C-0-H gas over a r e l a t i v e l y  low tempera ture  ab la t ing  
carbon sur face .  I so la t ion  of  H 2 0  a t  i t s  boundary  layer  edge  concentration 
would provide a  more r e a l i s t i c  s u r f a c e  t h e r m o c h e m i s t r y  t a b l e  t h a n  i f  f u l l  
equilibrium were assumed ( s ince  the  wa te r -gas  r eac t ion  a t  t h e  s u r f a c e  is 
re l a t ive ly  s low a t  l ower  t empera tu res ) .  In  the  ACE p rogram,  th i s  i so l a t ion  
of  species  is achieved by t r e a t i n g  t h a t  p a r t i c u l a r  s p e c i e s  a s  an atomic 
element,  an element with a f i c t i t i o u s  a t o m i c  number s o  t h a t  i t  cannot 
react   chemical ly   with any o t h e r  members of  the  chemical  systems. Com- 
p u t a t i o n a l l y ,  t h i s  r e q u i r e s  s p e c i f i c a t i o n  o f  t h e  i n p u t  o f  t h e  a p p r o p r i a t e  
q u a n t i t y  of this "element" (accompanied by appropr i a t e  r educ t ions  i n  t h e  
amounts of  o ther  ac tua l  e lements )  , and t h e  a l t e r a t i o n  o f  t h e  s p e c i e s  
thermochemistry data card set  f o r  t h a t  s p e c i e s  so tha.t  i t  contalns only 
one  "atom"  of t h e  f i c t i t i o u s  " e l e m e n t . "  
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5.3.5.3  Isolated  Subgroups  of  Elements 
I n  some p r a c t i c a l  a p p l i c a t i o n s ,  t h e r e  e x i s t s  a subgroup of elements 
which a r e  i n  e q u i l i b r i u m  w i t h  each  o ther ,  bu t  the  subgroup i s  no t  i n  chemica l  
equ i l ib r ium wi th  the  sys t em as  a whole.  The i s o l a t i o n  o f  a subgroup of 
elements can be achieved by cons ide r ing  these  e l emen t s  t o  be  d i f f e ren t  "ele- 
ments"  with propert ies  the same as ,  bu t  w i th  a tomic  numbers d i f f e ren t  f rom,  
the corresponding actual  e lements  (e .g . ,  add 100 t o  t h e  a t o m i c  numbers of  
t he  e l emen t s  i n  the i so l a t ed  subgroup) .  Fo r  th i s  t ype  o f  ca l cu la t ion ,  t he  
subgroup t o  b e  i s o l a t e d  i s  considered to  be one component ,  and the com- 
pos i t i on  o f  this component is s p e c i f i e d  a s  t h e  a c t u a l  r e l a t i v e  e l e m e n t a l  
composition of the subgroup t o  b e  i s o l a t e d ,  b u t  i n  terms o f  t h e  a l t e r e d  
e l emen t s .  In  o rde r  t ha t  t hese  a l t e r ed  e l emen t s  may equ i l ib ra t e  w i th  each  
other ,  the species  thermochemical  data  card s e t  must contain a set  of  species  
which may be formed from these altered elements,  i . e . ,  s p e c i e s  w i t h  t h e  same 
atomic number convention. 
5.3.5.4 Low Temperature  Surface  Equilibrium  Suppression 
A s  previous ly  d iscussed ,  equi l ibr ium i s  an increasingly poor  assump- 
c i o n  a t  low surface temperatures  (e .g . ,  below 2000'R) i n  some a b l a t i o n  
problems. However, i n  most surface  thermochemistry  tables,   lower  tempera- 
t u re  r anges  are usua l ly  only  of  minor  in te res t  (e .g . ,  dur ing  a ve ry  sho r t  
i n i t i a l  p e r i o d  o f  a t rans ien t  ab la t ion  problem) .  Nonthe less ,  the  sur face  
tables must f r equen t ly  ex tend  to  these  lower  t empera tu res  in  o rde r  t o  be  
compatible  with  the  heat  conduction and ab la t ion  so lu t ion .  Fo r  these  
c a s e s ,  t h e  ACE package contains an option by which surface (heterogeneous) 
equ i l ib r ium w i l l  be  suppressed  and  sur face  recess ion  nul led  (fit = 0 )  below 
some i n p u t  l i m i t  t empera ture  for  so lu t ions  in  the  ass igned  tempera ture  
p a r t  o f  t h e  s u r f a c e  t a b l e s .  The g a s e s  a d j a c e n t  t o  t h e  s u r f a c e  a r e  assumed 
t o  be  in  equ i l ib r ium,  bu t  he t e rogeneous  equ i l ib r ium i s  n o t  r e q u i r e d  f o r  
t h i s   s o l u t i o n .   F o r  many cases ,   sur face   thermochemis t ry   t ab les   genera ted  
i n  t h i s  f a s h i o n  a r e  c l o s e r  t o  r e a l i t y  t h a n  f u l l  e q u i l i b r i u m  s o l u t i o n s  down 
t o  low temperatures .  The input   convent ion  for   implementing  this   opt ion 
is d i scussed  in  Refe rence  2 .  
5.3.5.5  Full   Treatment  of  Kinetics 
The previous discussion has  descr ibed var ious approximate t reatments  
o f  k ine t i c s  e f f ec t s  wh ich  a re  o f t en  use fu l  when a gene ra l  so lu t ion ,  i nc lud ing  
an "exac t "  t r ea tmen t  o f  r eac t ion  rate e f f e c t s ,  is e i t h e r  i m p o s s i b l e  o r  
imprac t i ca l .  The ACE program  does,   however ,   possess   the  capabi l i ty   of  
a c c u r a t e l y  t r e a t i n g  a number o f  k i n e t i c a l l y  c o n t r o l l e d  r e a c t i o n s  i n  o t h e r w i s e  
e q u i l i b r a t e d  s y s t e m s  ( e i t h e r  c l o s e d  o r  o p e n ) .  The r ema inde r  o f  t h i s  s ec t ion  
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w i l l  be devoted t o  a b r i e f  d e s c r i p t i o n  of t h i s  "exact" t r ea tmen t  of k i n e t i c s .  
The inc lus ion  o f  k ine t i ca l ly  con t ro l l ed  chemica l  r eac t ions  is 
accomplished by removing equilibrium relations ( 3 9 )  from t h e  s e t  of equa- 
t i o n s  f o r  c e r t a i n  s p e c i e s  p a r t i c i p a t i n g  i n  r e a c t i o n s  t h a t  are t o  b e  
k ine t i ca l ly  con t ro l l ed .  These  equa t ions  are r ep laced  by k i n e t i c  ra te  
equat ions (of  the Arrhenius  form)  for  each  k ine t ica l ly  cont ro l led  reac t ion .  
This i s  accomplished by first i d e n t i f y i n g  t h e  p r i m a r y  r e a c t i v e  s p e c i e s  i n  
t h e  r e a c t i o n s  which are t o  b e  k i n e t i c a l l y  c o n t r o l l e d ,  and second, by allow- 
i n g  t h e s e  s p e c i e s  t o  b e  c r e a t e d  o r  d e s t r o y e d  o n l y  v i a  t h e  k i n e t i c  ra te  
equat ions.   This   approach  requires  a r e l a b e l i n g  o f  s p e c i e s  t o  be considered 
in  the  k ine t i ca l ly  con t ro l l ed  r eac t ions .  These  spec ie s  a re  ca l l ed  pseudo-  
e lements  s ince  they  behave  l ike  e lements  except  tha t  they  may be c r e a t e d  
o r  des t royed  a t  r a h e s  s p e c i f i e d  by t h e  r e a c t i o n  rate equat ions.  
Computa t iona l ly ,  t he  inc lus ion  o f  k ine t i c s  r e su l t s  i n  the  add i t ion  
of a r a t e - o f - c r e a t i o n  o r  d e s t r u c t i o n  term to  the  e l emen ta l  ba l ance  equa t ions  
for   these  pseudo-elements .   This   adds  addi t ional  unknowns t c  the  system 
e q u a l  i n  number t o  t h e  number of  spec ies  whose concentrat ions are k i n e t i -  
c a l l y   c o n t r o l l e d ,  i . e . ,  the  pseudo-elements. The r e l a t i v e   c r e a t i o n  and 
d e s t r u c t i o n  rates of a l l  pseudo-elements i n  a g iven  reac t ion  are r e l a t e d  
by stoichiometry, however, so  t h e  number o f  add i t iona l  unknowns remaining 
is e q u a l  t o  t h e  number o f  k i n e t i c a l l y  c o n t r o l l e d  r e a c t i o n s .  The r e a c t i o n  
ra tes ,  from which the  pseudo-e l emen t  c rea t ion  o r  des t ruc t ion  rates d e r i v e ,  
are given by 
f o r   e a c h   k i n e t i c a l l y   c o n t r o l l e d   r e a c t i o n  m of  the  form 
where t h e  sums and products  are  over  the species  and pseudo-elements  N 
p are t h e  s t o i c h i o m e t r i c  c o e f f i c i e n t s ,  and s u p e r s c r i p t s  R and P denote 
r e a c t a n t s  and   products   respec t ive ly .   In  ( 7 2 )  , K i s  the   equi l ibr ium 
cons tan t  fo r  r eac t ion  ( 7 3 )  I and kFm i s  the forward rate cons t an t .  In  the  
1' 
Pm 
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present  formula t ion ,  kFm is  represented by an Arrhenius  type funct ion 
where Em is t h e  a c t i v a t i o n  e n e r g y ,  Cpm is the temperature exponent,  and B, 
is a cons t an t  r ep resen t ing  a mul t i tude  of phenomena. Em, Cp, and Bm 
must  be  input  to  the  program for  each  k ine t ica l ly  cont ro l led  reac t ion .  
These constants should be based on experimental  data.  The u n c e r t a i n t y  i n ,  
o r  u n a v a i l a b i l i t y  o f ,  t h e s e  d a t a  f o r  many chemica l  sys t ems  o f  i n t e re s t  i n  
ab la t ion  problems f requent ly  represent  a s i g n i f i c a n t  c o n s t r a i n t  o n  t h e  
app l i ca t ion  o f  the k i n e t i c s  o p t i o n  of ACE program to  these  problems.  More 
de t a i l ed  d i scuss ion  o f  t he  computa t iona l  t r ea tmen t  o f  k ine t i c s  is presented  
in   Re fe rences  4 and 11. Reference 2 d e s c r i b e s  t h e  i n p u t  d e t a i l s  f o r  t h e  
k i n e t i c a l l y  c o n t r o l l e d  r e a c t i o n  d a t a .  
5.4 SOME CODING DETAILS 
The computational procedures are employed i n  t h e  ACE program t o  s o l v e  
the  equa t ions  s e t  fo r th  in  Sec t ion  5 .3 ,  b r i e f ly  d i scussed  he re .  Cons ide rab ly  
g r e a t e r  d e t a i l  i s  p resen ted  in  Refe rence  4 and i n  p a r t i c u l a r ,  T a b l e  I of 
t h a t  r e f e r e n c e .  
5.4.1  Basic  Solution  Technique 
The bas i c  so lu t ion  t echn ique  may b e  i l l u s t r a t e d  by c o n s i d e r i n g ,  f o r  
example,  an open system with unequal diffusion coefficients,  no condensed 
phase material  removal,  and no k i n e t i c s  ( i . e . ,  a s  d i s c u s s e d  i n  S e c t i o n  
5.3.3) . For  th i s  sys t em,  the  bas i c  equa t ions  de f in ing  the  . p rob lem a re  the  
e lementa l  conserva t ion  equat ions  ( 6 7 ) ,  t h e  t o t a l  p r e s s u r e  e q u a t i o n  ( 5 6 ) ,  
t he  r eac t ion  equ i l ib r ium equa t ions  (55 ) ,  and one heterogeneous vapor  pressure 
r e l a t i o n  ( 5 3 )  . The t ab le  o f  Sec t ion  5 .3 .3  shows t h a t  t h e r e  are as many 
knowns a s  unknowns i n  t h e s e  e q u a t i o n s  so c losu re  is obtained.  
Summarizing  these  equations , 
T kPi - P = 0 
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K 
k= 1 
K 
The number of  unknowns could immediately be reduced by I - K  through 
t h e  d i r e c t  s u b s t i t u t i o n  o f  ( 7 7 ) ,  as s o l v e d  f o r  Pi ,  i n t o  t h e  o t h e r  r e l a t i o n s .  
I t  proves advantageous, however, t o  c o n t i n u e  t o  treat t h e  f u l l  se t  of 
e q u a t i o n s ,  a n d  t o  s u b s e q u e n t l y  u t i l i z e  t h i s  s u b s t i t u t i o n  d u r i n g  t h e  i t e r a -  
t i v e  convergence  procedure. The so lu t ion   of   these   s imul taneous   nonl inear  
a lgeb ra i c  equa t ions  i s  based  on Newton-Raphson i t e r a t i o n .  S i n c e  t h i s  p r o -  
cedure i s  acce le ra t ed  by c a s t i n g  t h e  e q u a t i o n s  i n t o  a more l i n e a r  form 
( v i a  t r a n s f o r m a t i o n s ,  s u b s t i t u t i o n s ,  e tc . )  it i s  w e l l  t o  examine t h e  s e t  
of equations  above. With the  boundary  layer   edge,   char   and  pyrolysis   gas  
composition  given  as w e l l  a s  t h e  B', (75)   and   (76)   a re   l inear   re la t ions  
between  the Pi and   provid ing   tha t  F i s  reasonably   cons tan t .   In  con- 
t r a s t  , (77)  and  (78) are l i n e a r  r e l a t i o n s  b e t w e e n  t h e  i n  P i ,  En Pk and 
Rn Kpi, t h e  l a t t e r  v a r i a b l e  b e i n g  a p p r o x i m a t e l y  l i n e a r  i n  1/T.  
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The ACE program takes  advantage  of  th i s  s i tua t ion  by t r e a t i n g  t h o s e  
spec ie s  which a r e  s i g n i f i c a n t  i n  t h e  mass and pressure balances (75) and 
( 7 6 )  i n  terms of  Pi and the less s i g n i f i c a n t  s p e c i e s  i n  terms of t h e i r  
i n  Pi. 
The Newton-Raphson procedure,  as  appl ied by t h e  ACE program, can be 
summarized by cons ider ing  a s e t  of  equat ions of  the general  form 
f . (x1,x2,. . . ,x i , .  . .) = 0 
3 
A t  any p o i n t  i n  t h e  s o l u t i o n  p r o c e d u r e  t h e r e  e x i s t s  a set  of e s t ima tes ,  
x ? ,  f o r  a l l  t h e  v a r i a b l e s  which w i l l  i n  g e n e r a l  n o t  s a t i s f y  a l l  o f  t he  
r e l a t i o n s  and w i l l  l e a d  t o  a non-zero  value of the f j  , namely, E The 
Newton-Raphson method proceeds to  "d r ive"  these  e r ro r s  t oward  ze ro  by 
eva lua t ing  the  change  in  each  unknown v a r i a b l e ,  Axi, which would reduce 
a l l  t h e  e r r o r s  t o  z e r o  i f  t h e  f u n c t i o n s ,  f , were l i n e a r .  The l i n e a r  
approximation i s  based on t h e  c u r r e n t  v a l u e s  o f  t h e  unknown v a r i a b l e s  
and the  co r re spond ing  a r r ay  o f  va lues  o f  t he  pa r t i a l  de r iva t ives  a f . / ax i  
j .  
j 
I 
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Thus 
which is l o c a l l y  c o r r e c t  a n d  is i n t e g r a t e d  t o  
i n  the l inear  approximation. The s o l u t i o n  of ( 8 0 )  is  
where the array of p a r t i a l  d e r i v a t i v e s  a p p e a r i n g  i n  (81) is s imply the matr ix  
inve r se  of t h e  a r r a y  i n  ( 8 0 ) .  In t h e  ACE program the  fo rmula t ion  o f  t he  
p a r t i a l   d e r i v a t i v e s  uses  the v a r i a b l e s ,  Iln Pi Iln T and In  m and (81)  
y i e lds ,  fo r  example ,  
which i f  t a k e n  a s  l i n e a r  a l l  t he  way t o  s o l u t i o n  y i e l d s  
s i n c e  t h e  desired change in  the  func t ions  is s imply  the  nega t ive  of  the  
e r r o r .  +n equa l?y   exac t   r e l a t ion   ob ta ined  from (82) is 
tThe choice of En P .  permits a mat r ix  reduct ion  by t h e  use of  the s imple 
a l g e b r a i c  s u b s t i t u h o n ,  p r e v i o u s l y  m e n t i o n e d  a f t e r  (78)  , p r i o r  t o  m a t r i x  
inve r s ion .  
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which i f  t a k e n  as l i n e a r  a l l  t h e  way t o  s o l u t i o n  y i e l d s  
The ACE program uses (85) f o r  a l l  s p e c i e s  s i g n i f i c a n t  i n  mass balances and 
(83 )  fo r  t he  o the r s .  
5 .4 .2   Restr ic t ion on Correc t ions  
The s e t  of co r rec t ion  (Axi) * can be thought  of  as a v e c t o r  i n  t h e  
space of  the independent  var iables  which i s  added t o  t h e  c u r r e n t  v e c t o r  
approximation x* t o  y i e l d  a new es t ima te  x:* . Experience  has shown t h a t  
it i s  f r equen t ly  unwise  to  p roceed  a long  th i s  co r rec t ion  vec to r  t he  fu l l  
amount i nd ica t ed  by (83 )  o r  ( 8 5 )  . Rather ,  it is b e t t e r  t o  p r o c e e d  a l i m i t e d  
way, a l though  preserving  the same d i r e c t i o n .  A t  o t h e r  times, it i s  expedient  
t o  d e p a r t  f r o m  t h i s  v e c t o r ,  and seek another  based on f r eez ing  the  va lue  o f  
some var iab le  and  e l imina t ing  a corresponding equation. 
1 
The s c a l i n g  o f  t h e  c o r r e c t i o n  v e c t o r  i s  such  as  to  l i m i t  changes i n  
t h e  p a r t i a l  p r e s s u r e s  o f  m a j o r  s p e c i e s  t o  i n c r e a s e s  o f  o n e  o r d e r  o f  magni- 
tude and decreases of three orders of magnitude, and changes of temperature 
to  approximate ly  20 percent .  
Molecular weight,  temperature and condensed phase concentration 
co r rec t ions  a re  f rozen  and a new c o r r e c t i o n  v e c t o r  g e n e r a t e d  i f  t h e  i n i t i a l  
se t  o f  co r rec t ions  ind ica t e  excess ive  t empera tu re  o r  molecu la r  we igh t  
excurs ions ,  a contradictory temperature  change,  or  negat ive correct ions on 
newly introduced condensed species.  
The formulat ion of t hese  and o t h e r  s c a l i n g  and freezing c r i te r ia  
i s  an e s s e n t i a l  f e a t u r e  o f  t h e  ACE program. Because o f  t h e s e  f e a t u r e s ,  
convergence i s  v i r t u a l l y  a s s u r e d  f o r  w e l l  formulated,  physical ly  unique 
problems. 
5.4.3 Base Species  
The d i scuss ion  o f  Sec t ion  5.3 desc r ibed  the  equ i l ib r ium reac t ion  
equat ions  as  equat ions  g iv ing  the  format ion  of a species from atomic elements.  
Thus the  r eac t an t s  a r e  e l emen t s  and the  p roduc t s  a re  usua l ly  molecu le s .  
This scheme has  the  advantage  of  formal  s impl ic i ty ,  s ince  the  s to ich iometr ic  
coe f f i c i en t s  needed  in  the  equ i l ib r ium equa t ions  a re  g iven  d i r ec t ly  by t h e  
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product  species  chemical  formula.  This scheme can  have  computational  dis-  
advantages,  however,  since the atomic elements are f requent ly  not  present  
t o  any g r e a t  e x t e n t  i n  t h e  e q u i l i b r i u m  s y s t e m .  T h i s  i n  i t s e l f  resu l t s  i n  
no d isadvantage .  I f  , however , a molecule (e. g. , CO) dominates more than  
one mass balance (e .g .  , C and 0) , loss  of s i g n i f i c a n t  f i g u r e s  c a n  slow o r  
defeat convergence. 
I t  is more d e s i r a b l e  t o  w r i t e  t h e  e q u i l i b r i u m  r d a c t i o n s  (37) and 
( 3 8 )  as w e l l  as t h e  m a s s  b a l a n c e s  i n  terms of reactant species which are 
actual ly   present   in   appreciable   amounts .   These  species   are   termed  "base 
species" (from Reference 1 2 )  s i n c e  a l l  o t h e r  s p e c i e s  a r e  t a k e n  t o  b e  formed 
from them. 
The ACE program se lec ts  the  base  spec ies  f rom the  candida te  spec ies  
thermochemical   data   which  are   input   as   specif ied  in   Reference 2 .  The 
p r o g r a m  a u t o m a t i c a l l y  s e l e c t s  a s  b a s e  s p e c i e s  t h e  f i r s t  s e t  of spec ie s  
s a t i s fy ing  the  r equ i r emen t  t ha t  (1) a l l  o t h e r  s p e c i e s  may be  formed  from 
t h i s  b a s e  s p e c i e s  s e t  and ( 2 )  t h a t  no balanced react ion can be w r i t t e n  
involv ing  only  base  spec ies .  One base species  may be  cons idered  to  represent  
each  element. Thus ,  t he  base  spec ie s  a re  e s t ab l i shed  by t h e  o r d e r  i n  which 
the  u s e r  inputs   the  candidate   species   thermochemical   data .  The c a l c u l a t i o n  
o f  t he  s to i ch iomet r i c  coe f f i c i en t s  and equ i l ib r ium cons tan t s  appropr i a t e  t o  
any s e t  of  base species  is handled automatical ly  by the program. 
While t h e  s e l e c t i o n  of base  spec ies  is n o t  u s u a l l y  c r i t i c a l ,  c e r t a i n  
computational economies may b e  r e a l i z e d  i f  t h e  base  spec ies  a re  those  spec ies  
which  occur i n  re la t ive ly  h igh  concent ra t ions  in  the  sys tem.  Also t h e  t r e a t -  
ment of a chemical  kinet ics  (Sect ion 5 . 3 . 5 )  may have  an in f luence  on the  
s e l e c t i o n  of the  base  species.   Therefore  the  Users '   Guide  (Reference 2)  
recommends ce r t a in  inpu t  p rocedures  fo r  fo rc ing  the  se l ec t ion  o f  des i r ab le  
base  spec ie s .  
59  
SEmION 6 
COUPLING THE TRANSFER  COEFFICIENT CALCULATION TO THE 
SURFACE  THERMOCHEMISTRY  SOLUTION (111 - I V  COUPLING) AND 
TO THE IN-DEPTH  TRANSIENT  SOLUTION (111 - V COUPLING) 
5 
Sect ion  5 above makes it p l a i n  t h a t  t h e  t r a n s f e r  c o e f f i c i e n t  a p p r o a c h  
t o  model ing  d i f fus iona l  f luxes  i s  b u i l t  i n t o  t h e  s u r f a c e  t h e r m o c h e m i s t r y  
so lu t ion  p rocess ,  s ince  the  chemis t ry  rou t ines  use  B '  as the measure of mass 
i n j e c t i o n  and t h e  B; concept  depends natural ly  on the t r a n s f e r  c o e f f i c i e n t  
idea .  An a d d i t i o n a l ,  more e x p l i c i t ,  l i n k  t o  t h e  t r a n s f e r  c o e f f i c i e n t  model i s  
t h e  s c a l i n g  o f  k i n e t i c  e f f e c t s  o n  peueCM. The p re -exponen t i a l  f ac to r s  Bm 
are i n p u t  d i r e c t l y  t o  the coupled code,  and these are normalized on peueCM 
i n s i d e  t h e  ACE package, as n o t e d  i n  S e c t i o n  5 above .  This  requi res  tha t  a 
peueCM value be communicated direct ly  to  the ACE package with every ca l l  
for  use  in  normal iz ing  and  B 's. Other  coup l ing  l i nks  appea r  i n  the  su r face  
tempera ture  dependence  and  the  "b lowing  reduct ion"  of  the  t ransfer  coef f ic ien t :  
these  are d i s c u s s e d  i n  S e c t i o n  9 below. 
C 
m 
The I11 - V coup l ing  be tween  the  t r ans fe r  coe f f i c i en t  and  the in -  
dep th  so lu t ion  occur s ro f  course, i n  t h e  t r a n s f e r  c o e f f i c i e n t  e q u a t i o n  f o r  
t he  su r face  ene rgy  even t s .  The relevant  equat ions have already been pre-  
s e n t e d  i n  S e c t i o n  4 . 3  and  r equ i r e  no  fu r the r  comment. 
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SECTION 7 
COUPLING THE FLOW-FIELD (OR BOUNDARY LAYER EDGE STATE)  SOLUTION 
(PHASE 11) TO THE SURFACE  STATE  SOLUTION (I1 - I V  COUPLING) 
AND TO THE TRANSFER  COEFFICIENT  SOLUTION (I1 - I11 COUPLING) 
Before  d iscuss ing  the  Phase  I1 and I11 ca lcu la t ions  themselves ,  it 
w i l l  b e  o f  i n t e r e s t  t o  examine the coupl ing l inks between the Phase I1 
s o l u t i o n ,  w h i c h  r e f e r s  t o  t h e  s p e c i f i c a t i o n  o f  t h e  b o u n d a r y  l a y e r  o u t e r  
edge s ta te  around the body ( p r e s s u r e ,  s t a t i c  e n t h a l p y ,  r e c o v e r y  e n t h a l p y ,  
and t r a n s p o r t  p r o p e r t i e s )  , and the Phase I11 and Phase I V  so lu t ions .  
The boundary layer  edge s ta te  inf luences the surface thermochemistry 
s t a t e   s o l u t i o n ,   a s   h a s   a l r e a d y   b e e n   d i s c u s s e d   i n   S e c t i o n  5 above,  through 
t h e  d i r e c t  communication of l o c a l  p r e s s u r e  and r ecove ry  en tha lpy  to  the  ACE 
package. The edge s t a t e  i n  t u r n  i s  inf luenced  by  the  cur ren t  body shape,  
as  w i l l  be  d i scussed  in  Sec t ion  8 below. 
The boundary  l aye r  edge  s t a t e  i n f luences  the  t r ans fe r  coe f f i c i en t  
c a l c u l a t i o n  t h r o u g h  t h e  d i s t r i b u t i o n s  o f  p r e s s u r e  and enthalpy around the 
body,  as  might  be  expected.  This i s  d i scussed  in  Sec t ion  9 below. 
A l l  o f  t h e s e  c o u p l i n g  l i n k s  a r e  o f  i n t e r e s t ,  b u t  it i s  a l s o  u s e f u l  
a t  t i m e s  t o  b e  a b l e  t o  s u p p r e s s  some o r  a l l  o f  them.  Such coupling  suppres- 
s i o n  i s  p a r t i c u l a r l y  d e s i r a b l e  i n  p a r a m e t r i c  s t u d i e s  a t t e m p t i n g  t o  s t u d y  
one e f f e c t  a t  a t i m e ,  r a the r  t han  coup led  e f f ec t s  , and i n  s t u d i e s  i n  which 
it is d e s i r e d  t o  match experimental  data  in  some respect (such as measured 
sur face   t empera tures) .   Therefore ,   the  MACABRE code  has   been  wri t ten  to  
a l low  varying  degrees   of   decoupl ing.  All of  the  fo l lowing  op t ions  ex i s t  
fo r  each  su r face  po in t  on a body a t  anytime: 
a. Surface  temperature   and  recession rate discovered by 
energy balance,  or  
b .   Surface  temperature   and  recession rate ass igned  as 
func t ions  of time by user  (Option 2 )  
Under ( a )  w e  have 
a .1 .  Ful l  surface energy balance with convect ion and thermo- 
chemistry  (Option 1) 
a.2. No convec t ion ,   no   recess ion ,   ass igned   hea t   f lux   (Opt ion  2) 
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Under (a.1.) w e  have 
a.l.1 Local  pressure  and/or  loca l  recovery  en tha lpy  ass igned  by  user  
as a func t ion  of t i m e  
a .1 .2  Local  pressure and/or  local  recovery enthalpy computed  by 
appropr ia te  subrout ines  au tomat ica l ly  
F o r  b o t h  ( a . l . l ) a n d  (a.1.2) w e  have 
a.1. (?) .1 L o c a l  h e a t  t r a n s f e r  c o e f f i c i e n t  a s s i g n e d  by u s e r  as a 1 
funct ion of  t i m e  
1 a.1.  (7) .2 L o c a l  h e a t  t r a n s f e r  c o e f f i c i e n t  computed automatically 
by appropriate  subrout ines  
For  both (a.1. (3) -1) and (a.1.  ($) .2)  w e  have any degree of "blowing reduction" 
c o r r e c t i o n  t o  t h e  t r a n s f e r  c o e f f i c i e n t .  
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SECTION 8 
THE BOUNDARY LAYER EDGE STATE SOLUTION 
A complete  and accurate  analysis  of  the boundary layer  edge state i s  
a very complex problem requi r ing  s imul taneous  cons idera t ion  of t h e  body shape, 
shock shape , the  shock layer  f low,  and the boundary layer  f low.  For  many 
engineering purposes,  however,  a d e t a i l e d  a n a l y s i s  o f  t h i s  s o r t  i s  not pos- 
s i b l e ,  and cer ta in  s impl i fy ing  assumpt ions  are necessary which b r i n g  t h e  
a n a l y s i s  t o  a more t r a c t a b l e  l e v e l  of soph i s t i ca t ion .  S ince  the  app l i ca t ion  
fo r  t he  ana ly t i ca l  t echn ique  be ing  d i scussed  he re  i s  pr imar i ly  re -en t ry  
veh ic l e  nose t ip s  and h e a t  s h i e l d s ,  t h e  f i r s t  s i m p l i f y i n g  a s s u m p t i o n  is  t h a t  
t h e  e n t i r e  r e g i o n  o f  i n t e r e s t  i s  immersed i n  a boundary layer edge flow which 
has  passed through the detached bow shock a t  o r  n e a r  t h e  s t a g n a t i o n  p o i n t .  
Thus, it is  n o t  n e c e s s a r y  t o  c a l c u l a t e  a shock shape and shock layer flow 
s ince  the  shock  l aye r  gas  o f  i n t e re s t  is  assumed to  pass  through a normal 
shock. The next  simplifying  assumption is tha t  the  boundary  layer  edge  gas  
s t a t e  i s  determined by an isentropic expansion from the body s t a g n a t i o n  
condi t ion.  With the   edge   gas   en t ropy   f ixed   a t   the   s tagnat ion   va lue ,   the  
complete edge gas thermodynamic s t a t e  is determined by t h e  s p e c i f i c a t i o n  of 
one more p r o p e r t y ,   t y p i c a l l y   t h e   l o c a l   s t a t i c   p r e s s u r e .   T h u s ,   t h e   d e t e r -  
mination of the edge gas s t a t e  reduces  to  a problem of f i r s t  c a l c u l a t i n g  t h e  
stagnation entropy, which i s  r e l a t ive ly  s t r a igh t fo rward ,  t hen  de te rmin ing  
t h e  p r e s s u r e  d i s t r i b u t i o n  a r o u n d  t h e  a r b i t r a r y  body shape, and f i n a l l y  
eva lua t ing  the  o the r  edge  s t a t e  p r o p e r t i e s  of i n t e r e s t  by ca r ry ing  ou t  t he  
i s en t rop ic  expans ion  to  the  known l o c a l  p r e s s u r e .  The techniques  used  to  
c a r r y  o u t  t h e s e  s t e p s  are descr ibed  in  the  subsec t ions  be low.  
8.1 THERMOCHEMICAL COMPUTATIONS 
Thermochemical computations are r e q u i r e d  i n  a number o f  i n s t a n c e s  i n  
the  coupled  code,   including  boundary  layer   edge s ta te  c a l c u l a t i o n s .  A s  
mentioned i n  S e c t i o n  5 ,  t h e s e  c a l c u l a t i o n s  a r e  c a r r i e d  o u t  by t h e  ACE rou t ine .  
For  boundary layer  gas  propert ies ,  it has been found most convenient t o  s t o r e  
ACE s o l u t i o n s  f o r  t h e  r e q u i s i t e  thermodynamic  and t r a n s p o r t  p r o p e r t i e s  i n  
t a b u l a r  form and supply t h i s  t a b l e  o f  p r o p e r t i e s  t o  t h e  program as input. 
The o p t i o n  a l s o  e x i s t s  of merely  spec i fy ing  the  des i red  va lues  of  the  inde-  
p e n d e n t  v a r i a b l e s  i n  t h i s ' W o l l i e r  C h a d '  and c a l l i n g  f o r  ACE c a l c u l a t i o n s  t o  
de te rmine  the  requi red  proper t ies .  The p r o p e r t i e s  a t  the  gas  s ta te  o f  i n t e r e s t  
during the course of  a so lu t ion  a re  found  by in t e rpo la t ion  be tween  t abu la r  
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values .  The p reca lcu la t ed  Mol l i e r  Chart approach has a number of advantages 
similar t o  t h e  p r e c a l c u l a t e d  s u r f a c e  t a b l e s :  r e u s e a b i l i t y ,  e x t e r n a l  e v a l u a -  
t i o n  o f  t h e  table accuracy and sufficiency, and elimination of non-converged 
so lu t ions .  However, ca re  mus t  be  t aken  to  gua ran tee  tha t  i n t e rpo la t ion  wi th in  
t h e  c h a r t  w i l l  y i e l d  s u f f i c i e n t l y  a c c u r a t e  state p r o p e r t i e s .  
The Moll ier  Chart  uses  pressure and enthalpy as  independent  var iables .  
Dependent  variables  found a t  each (P-h)  combinat ion are  temperature ,  densi ty ,  
P rand t l  number, v i s c o s i t y ,   e n t r o p y ,  and i s en t rop ic   exponen t .   L inea r   i n t e rpo -  
l a t i o n  is used  everywhere  wi th in  the  char t ,  however  pressures  and  dens i t ies  
a r e  c o n v e r t e d  t o  l o g a r i t h m i c  f o r m  b e f o r e  t h i s  l i n e a r  i n t e r p o l a t i o n  i s  c a r r i e d  
out.  Since  the  computer  code  dimensions limit t h e  number of   pressure-enthalpy 
combinations which can be input, it i s  recommended t h a t  t h e  u s e r  check t h e  
accuracy of interpolated solut ions before  going ahead with problem solving.  
This can be accomplished by p l o t t i n g  t h e  p r o p e r t i e s  o f  i n t e r e s t ,  d e t e r m i n i n g  
the  r eg ion  o f  mos t  l i ke ly  e r ro r  w i th in  the  l i nea r  i n t e rpo la t ion  approx ima t ion ,  
and comparing an in t e rpo la t ed  po in t  w i th  an  "exac t "  so lu t ion  from t h e  ACE 
program. 
The edge s t a t e  s o l u t i o n  p r o c e d u r e  is t y p i c a l l y  s t a r t e d  by us ing  the  
spec i f i ed  va lues  of s t agna t ion  p res su re  and s t agna t ion  en tha lpy  to  de t e rmine  
the  en t ropy  l eve l  f rom the  Mol l i e r  Char t .  The s t a t i c  p r e s s u r e  a r o u n d  t h e  
body  must then  be  found,  as  d i scussed  in  the  next  sec t ion .  
8.2 STATIC PFiESSUFiE DISTRIBUTION 
The t e c h n i q u e  u s e d  t o  c a l c u l a t e  t h e  s t a t i c  p r e s s u r e  d i s t r i b u t i o n  
inc ludes  a v a r i a t i o n  of Newtonian theory in  the  subson ic  f low nea r  t he  s t ag -  
na t ion  poin t ,  matched  to  a P rand t l  Meyer expansion downstream of the sonic 
po in t .  The methods  used in  these  reg ions  a re  expla ined  be low.  
8.2.1  Subsonic  Region 
The p r e s s u r e  d i s t r i b u t i o n  i n  t h e  s u b s o n i c  r e g i o n  is found by a va r i a -  
t ion  of  the  technique  sugges ted  in  Reference  1 3 ,  i n  which t h e  Newtonian 
p r e s s u r e  d i s t r i b u t i o n  r e l a t i o n  is modified t o  i n c l u d e  blunt bodies  w i t h  s o n i c  
corners .  The b a s i c  Newtonian pressure  express ion  i s  
- - 
P = Pm + (1 - Fa, cos2 B 
where  bar red  quant i t ies  a re  normal ized  by  the  s tagnat ion  pressure ,  and  B i s  
the angle  between the body a x i s  of  symmetry  and a normal t o  t h e  body su r face  
a t  t h e  p o i n t  o f  i n t e r e s t .  The sketch below w i l l  h e l p  t o  c l a r i f y  t h i s  nomen- 
c l a t u r e .  
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e x t e r n a l  
flow 
R* = r a d i u s  t o  s o n i c  p o i n t  
along a surface normal 
Figure 1 7 .  Diagram of Nosetip Showing Nomenclature 
A c l a s s  o f  n o s e t i p s  o f  p a r t i c u l a r  i n t e r e s t  are smoothly contoured 
b lunt  bodies  having  loca l  s lopes  such  tha t  the  f low i s  subsonic everywhere 
ahead of a convex sharp corner  and the f low expands to  the supersonic  con- 
d i t i o n  a t  the  corner .   For   these  shapes,   the   Newtonian  pressure  dis t r ibut ion 
is g ross ly  inaccura t e  s ince  it depends only on local slope.  I t  is obvious 
that   he   pressure  should  vary  smoothly  f rom  the  s tagnat ion  value = 1 . 0  
a t  t h e  s t a g n a t i o n  p o i n t  t o  t h e  s o n i c  p o i n t  p r e s s u r e  P = P* a t  the  sha rp  
corner .  However, f o r  a sphere-cone  shape  as shown in Figure 17 above,  the 
Newtonian desc r ip t ion  o f  p re s su re  would c a l l  f o r  a constant   determined by 
the  su r face  s lope  a long  the  en t i r e  cone  su r face .  I t  was found in  Reference  13 
t h a t  a modi f ica t ion  of  the  Newtonian  d is t r ibu t ion  involv ing  an  empir ica l  
- 
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expres s ion  fo r  p re s su re  on  a f l a t  d i s c  of  the same diameter  ( sonic  poin t  
diameter)   would  great ly   improve  pressure  predict ions.  The sugges ted   p ressure  
dis t r ibut ion expression,  modif ied for  nonzero ambient  pressure,  i s  
1 
where PFD i s  t h e  f l a t  d i s c  p r e s s u r e  d i s t r i b u t i o n  e x p r e s s i o n ,  s i s  the  su r face  
runninq length,  % i s  the  nose  rad ius ,  and Rma, i s  the maximum o f  e i t h e r  t h e  
nose   rad ius   o r  R*, as   def ined   in   F igure  1 7 .  I t  i s  n e c e s s a r y  t o  s p e c i f y  
expres s ions  fo r  t he  son ic  po in t  p re s su re  F* and t h e  f l a t  d i s c  p r e s s u r e  FFD 
i n  o r d e r  t o  u s e  t h i s  e x p r e s s i o n .  I t  i s  i n  t h i s  l a s t  e x p r e s s i o n  t h a t  t h e  
present  ana lys i s  d i f fe rs  f rom tha t  of  Reference  13.  
- 
The sonic  poin t  pressure  has  been  chosen  to  be  descr ibed  by t h e  i d e a l  
gas expression 
The isentropic  exponent  y i s  e v a l u a t e d  a t  t h e  s t a g n a t i o n  p o i n t  and i s  assumed 
t o  remain constant  over  the region of  interest .  The assumption of a cons tan t  
y in t roduces  a neg l ig ib ly  sma l l  e r ro r  i n to  the  ana lys i s .  Ano the r  quan t i ty  
of i n t e r e s t  i s  t h e  l o c a t i o n  o f  t h e  s o n i c  p o i n t ,  s * .  For  the  sharp  cornered 
bodies  discussed  above, s* is  mere ly   t he   d i s t ance   t o   t he   co rne r .  However, as  
these sharp  cornered  bodies  ab la te  or  for  o ther  smooth ly-contoured  bodies ,  
t h e  s o n i c  p o i n t  mus t  be  loca ted  in  order  to  use  Equat ion  (87) .  The Newtonian 
p r e s s u r e  d i s t r i b u t i o n  i s  employed here t o  g i v e  t h e  s u r f a c e  a n g l e  a t  t h e  s o n i c  
po in t  of 
B *  = cos -l F 
1-Pm 
( 8 9 )  
Thus the  sur face  running  length  s* can be found by us ing  the  known su r face  
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slopes and running lengths  a long the surface and interpolat ing between them. 
The f l a t  d i s c  p r e s s u r e  d i s t r i b u t i o n  u s e d  i n  R e f e r e n c e  13 is  
x =  4- s (90)  
I t  w i l l  be shown t h a t  t h e  h e a t  t r a n s f e r  c o e f f i c i e n t  a t  t h e  s t a g n a t i o n  p o i n t  
depends upon the  s t agna t ion  po in t  ve loc i ty  g rad ien t  (see Equat ion (120)) .  
This  grad ien t  in  turn  depends  upon the second der ivat ive of  pressure with 
d i s t ance  acco rd ing  to  the  fo l lowing  r e l a t ion  
Di f f e ren t i a t inq  Equa t ion  ( 8 7 )  twice y i e l d s  
- d2P 
d s  2 
S'O 
2 d2FFD - + -  
RNRmax . d s  2 
which f o r  RN a p p i o a c h i n g  i n f i n i t y  y i e l d s  a z e r o  v e l o c i t y  g r a d i e n t  a t  t h e  s t a g -  
na t ion  po in t  i f  Equa t ion  ( 9 0 )  i s  employed a s  it s t ands .  T o  c o r r e c t  t h i s  un- 
r e a l i s t i c  r e s u l t ,  t h e  d a t a  o f  R e f e r e n c e  14 were e v a l u a t e d  t o  o b t a i n  a f l a t  
d i sc  s t agna t ion  po in t  ve loc i ty  g rad ien t  expres s ion  
By combining  Equations (911 ,  ( 9 2 ) ,  and  (93) , t h e  f o l l o w i n g  r e s u l t  
obtained 
(93) 
is 
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This  expression  provides  a  more  correct  stagnation  point  pressure  distribution 
The  flat  disc  pressure  distribution,  Equation ( g o ) ,  has  been  modified  to  blend 
smoothly  with  the  new  second  derivative  requirements, 
and the  definition  of A has  been  changed  slightly: 
x = 5 G p  
Equations ( 9 5 )  and ( 9 6 )  are  the  final  forms  of  the f l a t  dA>c pressure  distri- 
bution  relations  which  are  used in the  present  analysis. 
8.2.2 Downstream  of  the  Sonic,  Point 
Using  the  expression  given  in  Equation ( 8 7 )  above,  the  local  static 
pressure  is  exactly  equal to the  Newtonian  pressure  for  all  body  shapes t 
the  sonic  point.  The  Newtonian  description  of  pressure is then  used  down- 
stream of the  sonic  point  until  the  Prandtl-Meyer  match  point  is  reached, 
at which  point  a  Prandtl-Meyer  expansion  expression is used  for  the  remainder 
of  the  running  length.  The  match  point is determined  by  the  requirement  of 
continuity  of  pressure  and  pressure  gradient  along  the  surface: 
Prandtl-Meyer 
It is  more  convenient  to w rk in terms  of  the  angle B and  dimensionless 
pressure : 
Prandtl-Meyer 
The  Newtonian  pressure  expression  can be differentiated to give 
( 9  7) 
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For a per fec t  gas ,  the  Prandt l -Meyer  pressure  grad ien t  is 
yFM 2 - 
Prandtl-Meyer 
-  
whi le  the  r e l a t ion  be tween  p res su re  and Mach number is 
(100) 
Equat ing  the  two g rad ien t  expres s ions  y i e lds  the  fo l lowing  equa t ion  fo r  t he  
match point: 
This  is an i m p l i c i t  e q u a t i o n  f o r  B M ,  s i n c e  F and M are func t ions  of  B .  The 
s o l u t i o n  i s  found by a Newton-Raphson i t e r a t i o n  p r o c e d u r e .  
Pressures  on  the  body downstream o f  the  match poin t  a re  found by 
ca r ry ing  ou t  a Prandt l -Meyer  expansion from the match point  condi t ions to  
t h e  l o c a l  s u r f a c e  s l o p e .  The gove rn ing  equa t ions  in  th i s  r eg ion  a re  
Equation (101 ) above r e l a t i n g  p r e s s u r e  t o  Mach number,  and 
which re la tes  Mach number t o  l o c a l  s u r f a c e  a n g l e .  Once aga in ,  t he  equa t ions  
are i m p l i c i t  s i n c e  M is a func t ion  of  B ,  t h e r e f o r e  a Newton-Raphson i t e r a t i o n  
procedure w a s  d e v i s e d  t o  s o l v e  t h e s e  e q u a t i o n s .  
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8.2.3 Examples of  the  Accuracy of t h e  Method 
The accuracy  of  the  pressure  pred ic t ion  technique  descr ibed  above  
i s  demonstrated  with  four  sample  problems. The f i r s t  o f  t h e s e  is a 60" 
half  angle  sphere cone with a sharp  corner  as shown i n  F i g u r e  1 8 .  With t h i s  
shape ,  t he  loca t ion  o f  t he  son ic  po in t  i s  f i x e d  a t  t h e  s h a r p  c o r n e r ,  t h e r e -  
fo re  B *  , s*  , and Rmax a r e  known from t h e  geometry. The p res su re  p red ic t ion  
f o r  t h i s  s h a p e  is compared i n  F i g u r e  18 t o  t.be data  of  Reference 15 , and 
a l s o  t c  t h e  Newtonian  pressure  d is t r ibu t ion  for  the  same shape. Agreement 
is seen to  be excel lent  over  most  of  the surface,  which i s  t o  b e  e x p e c t e d  
s ince  the  empi r i ca l  po r t ions  o f  t he  theo ry  were i n v e n t e d  t o  s o l v e  t h i s  v e r y  
problem. The shortcomings  of   Newtonian  theory  are   a lso  readi ly   apparent   in  
t h i s   f i g u r e  . 
Figure 1 9  d e m o n s t r a t e s  t h e  u t i l i t y  o f  t h i s  p r e s s u r e  p r e d i c t i o n  t e c h -  
nique on a spher ica l  shape .  For  spheres ,  the  Newtonian  descr ip t ion  of pres-  
s u r e  i n  t h e  s u b s o n i c  r e g i o n  i s  general ly   very  good,  and th.   case i s  no 
except ion.  The differences  between  Newtonian  and  the  currently  proposed 
theory on a sphe re  in  the  subson ic  r eg ion  a re  ve ry  s l igh t ,  however ,  and both 
methods give good agreement  with the experimental  data .  
Figures  20  and 2 1  demonstrate the agreement between theory and 
experiment   for  a b l u n t  and a s h a r p  e l l i p s e ,  r e s p e c t i v e l y .  A g a i n ,  t h e r e  i s  
very l i t t l e  difference between Newtonian and the current  theories ,  with 
e i the r  g iv ing  sa t i s f ac to ry  ag reemen t  wi th  the  da t a .  
I n  summary, t h e  p r e s e n t  t h e o r y  o f f e r s  good agreement with Newtonian 
t h e o r y  f o r  s p h e r i c a l  a n d  e l l i p t i c a l  s h a p e s ,  b u t  a l s o  p r o v i d e s  a c c u r a t e  
descriptions of pressure over flat-disc-type shapes where Newtonian theory 
f a i l s  e n t i r e l y .  T h i s  makes t h e  t h e o r y  p a r t i c u l a r l y  s u i t a b l e  f o r  t h e  l a r g e  
cone angle  b lunt  shapes  be ing  cons idered  for  p lane tary  en t ry .  
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8.3 EVALUATION O F  OTHER PROPERTIES 
Once t h e  p r e s s u r e  is known a t  any given body poin t  and  the  en t ropy  
is assumed equal t o  t h e  s t a g n a t i o n  v a l u e ,  o t h e r  g a s  p r o p e r t i e s  o f  i n t e r e s t  
may be  found  by  r e fe r r ing  to  the  Mol l i e r  Char t  t ab l e s  as d e s c r i b e d  i n  
Section  8.1.  Some ca re  i s  n e c e s s a r y  i n  c a r r y i n g  o u t  t h i s  o p e r a t i o n ,  however. 
The Mol l ie r  Char t  lookup subrout ines  have  been  wr i t ten  t o  use pressure and 
en tha lpy  as  the  independent  var iab les  in  the  lookup procedure  s ince  these  
a r e  t h e  known q u a n t i t i e s  a t  t h e  s t a g n a t i o n  p o i n t .  I n  o r d e r  t o  m i n i m i z e  t h e  
e r r o r  r e s u l t i n g  from l i n e a r  i n t e r p o l a t i o n ,  p r o p e r t i e s  a t  o t h e r  body po in t s  
where pressure and en t ropy  a re  known a r e  f o u n d  i t e r a t i v e l y  by e s t ima t ing  
en tha lpy ,   l ook ing   i n   t he  tables a t  t h e  known P and  estimated h , determining 
entropy s ,  comparing  with  the known s ,  r e v i s i n g   t h e  h e s t ima te ,  and so on. 
This  procedure prevents  a compounding o f  e r r o r s  wh ich  cou ld  a r i s e  i f  one 
were t o   i n t e r p o l a t e  on P and h t o   f i n d  s ,  t h e n   i n t e r p o l a t e  P and s 
t o   f i n d   h .  
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SECTION 9 
THE TRANSFER COEFFICIENT  EVALUATION 
&-I ene rgy  in t eg ra l  t echn ique  is used  to  eva lua te  the  nonab la t ing  
h e a t  t r a n s f e r  c o e f f i c i e n t  a l o n g  t h e  s u r f a c e  o f  a n  a r b i t r a r y  body shape which 
starts a t  a s t agna t ion  po in t .  The energy  in tegra l  t echnique  is completely 
d i scussed  in  Refe rence  1 7 ,  and w i l l  b e  o n l y  b r i e f l y  summarize2 here. 
I n  t h e  e n e r g y  i n t e g r a l  t e c h n i q u e ,  t h e  f l a t  p l a t e  r e l a t i o n s h i p  be- 
tween  ene rgy  th i ckness  and  hea t  t r ans fe r  r a t e  i s  assumed t o  b e  v a l i d  f o r  a l l  
t ypes  o f  f lows .  Th i s  r e l a t ionsh ip  i s  t h e n  u t i l i z e d  t o  s o l v e  t h e  e n e r g y  
i n t e g r a l  e q u a t i o n  f o r  a n  a r b i t r a r y  f l o w .  To o u t l i n e  t h i s  method, it i s  use- 
f u l  t o  e s t a b l i s h  a few b a s i c  d e f i n i t i o n s .  
h e a t  t r a n s f e r  c o e f f i c i e n t :  C H I  a 
p ue  (Hr-h W 1 
(10 4)  
energy  thickness : 
re ference  en tha lpy:  h '  = 0.23he + 0.19Hr + 0.58hw  (laminar) 
h '  = 0.36he + 0.19Hr + 0.45hw ( t u r b u l e n t )  
( 1 0 7 )  
where Hr = h + ? - u: e 2 ( 1 0 8 )  
2 = (pr 1 ) V 2  ( laminar)  
2 = (Pr') ' I3 ( t u r b u l e n t )  ( 1 0 9 )  1 
and a l l  p r i m e d  q u a n t i t i e s  a r e  e v a l u a t e d  a t  
t he  r e fe rence  en tha lpy  cond i t ion .  
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It w i l l  b e  r e c a l l e d  t h a t  f o r  f l a t  p l a t e  f l o w s  w i t h  no i n i t i a l  boundary 
l a y e r ,  t h e  h e a t  t r a n s f e r  c o e f f i c i e n t  e x p r e s s i o n  i s  
where a = 0.332 I laminar m = 0.5  
o r  a = 0.0296 
t u rbu len t  
m = 0 . 2  
Combining t h i s  w i t h  t h e  d e f i n i t i o n  of C H I  r e s u l t s  i n  
which r e l a t e s  h e a t  f l u x  t o  x f o r  a f l a t  p l a t e .  F o r  t h e  f l a t  p l a t e  w i t h  n e a r l y  
i so the rma l  wa l l s ,  t he  ene rgy  in t eg ra l  equa t ion  i s  
Combining Equations  111and 1 1 2  and  assuming smal l  var ia t ion  in  hw compared 
with Hr-hwl t h e  f l a t  p l a t e  e n e r g y  i n t e g r a l  e q u a t i o n  c a n  b e  s o l v e d  t o  y i e l d  a 
relationship between energy thickness and x: 
By cornbinihg Equations 113 and 111, w e  have  an  expl ic i t  re la t ionship  be tween 
h e a t  f l u x  and energy thickness:  
This  express ion  i s  now assumed t o  b e  v a l i d  f o r  p l a n a r  b o d i e s  o r  b o d i e s  of revo- 
l u t i o n ,  w i t h  a r b i t r a r y  p r e s s u r e  g r a d i e n t .  
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The  more genera l  boundry  layer  energy  equat ion  in  in tegra l  form is  
Combining Equations 1 1 5  and114 , t h e  r e s u l t i n g  f o r m  ci. .e i n t e g r a t e d  d i r e c t l y  
t o  g i v e  
+ 1 ( x  
[rPeue (Hr-hw)] A J  x 
i 
where X i s  a dummy var iab le   represent ing   running   length .   This   re la t ion   be tween 
9 and x can be combined with Equation 114 above t o  g i v e  t h e  g e n e r a l  r e l a t i o n  
be tween   hea t   f l ux   (o r   hea t   t r ans fe r   coe f f i c i en t )   and  x. For  laminar flows 
s t a r t i n g  from a s t a g n a t i o n  p o i n t ,  t h e  f i n a l  e x p r e s s i o n  i s  
- 
0.332p'p'rue(Hr-hw) 
PeUeCH = 
( P r ' ) 2 / 3  { l" ' 1 1 7 )  
S i m i l a r l y ,  f o r  a l l  t u r b u l e n t  f l o w ,  
0.0296 p ' ~ ~ ( " r ) l / ~ ( H ~ - h  )lI4
PeUeCH = 
W (118) 
( P r ' ) 2 ' 3  I ~ ' ~ ~ ( u ' ) ~ / ~ r ~ / ~ ( H ~ - h ~ )  5/4dX 
F i n a l l y ,   f o r   t r a n s i t i o n   f r o m   l a m i n a r   t o   t u r b u l e n t   f l o w  a t  x = X t '  
I 
p'u'ue(Hr - + 0 . 0 1 6 1  JX X 
t 
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For  a s t a g n a t i o n  p o i n t ,  w e  u se  the  l amina r  expres s ion  and  t ake  the  l i m i t  as 
x * o wi th  
r =  X 
p ' p '  = cons t .  
HZ-hw = cons t .  
The h e a t  t r a n s f e r  c o e f f i c i e n t  r e d u c e s  t o  
Cons i s t en t  w i th  the  p re s su re  d i s t r ibu t ion  
s t agna t ion  po in t  ve loc i ty  g rad ien t  can  be  
d i s c u s s e d  i n  
expressed as 
which becomes 
1 / 2  
Sec t ion  8 .2 .1 ,  the  
In  the  p re sen t  ve r s io lL  of t he  code ,  on ly  the  l amina r  hea t  t r ans fe r  
expression,   Equat ions ( 1 1 7 )  and ( 1 2 0 ) ,  are included.  For programming purposes,  
i t  i s  most conven ien t  t o  w r i t e  t h e  h e a t  t r a n s f e r  e x p r e s s i o n  i n  t h e  form 
where 
due R*- u* - 4 "  d s   ( p o i n t  
s t agna t ion  
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or 
u* = U 
e away from 
stagnation 
S 
point 
J p (Hr-hw)  r2ueds 
The  running  integral  term  for E* away  from  the  stagnation  point  is  evaluated 
by treating  each  linear  term  in  the  integrand  as  if it varied  linearly  be- 
tween  body  stations  where  its  value  is  known.  That  is, p', y ' ,  Hr-hw, r, 
and  ue  are  all  approximated  as  linear  functions of s between  each  pair  of 
body  stations,  thus  making  direct  integration  possible.  The  value of the 
integral  at  each  body  station  is  stored  and  merely  added  to  the  increment 
in R* at  each  new  body  station.  All  primed  quantities  are  evaluated  by  re- 
ferring  to  the  Mollier  Chart  lookup  routine  with  the  known  pressure  and 
reference  enthalpy. 
AI-I example  of  the  accuracy  of  the  energy  integral  method  is  provided 
in  Figure  22,  where  results  of  the  present  theory  applied to a  sphere- 
cone  configuration  are  compared  with  results  from  Aerotherm's  multicomponent, 
nonsimilar,  boundary  layer  analysis  program  (Reference 18). The  two  programs 
were  supplied  with  identical  pressure  and  wall  temperature  distributions  Over 
the  length  of  interest. It is  apparent  that  the  energy  integral  approach  gives 
satisfactory  results  for  the  nonablating  heat  transfer  coefficient  for at least 
a  sphere-cone  type  of  body. 
For  use  in  the  MACABRE  code,  the  nonablating  heat  transfer  coeffi- 
cients  computed  with  the  analysis  outlined  above  are  corrected  to  account  for 
the  effects  of  ablation  ("blowing"). If we  denote  this  nonablating  coefficient 
(that  is,  for A = 0) as peueCHOl then  both  data  and  simple  analyses  (see,  for 
example,  Reference 7) indicate  that  the  dependence  of  peueCH  on is given 
fairly  accurately  by 
where 
cP= 2 xi 
'euecH0 
This  correction  is  built  into  the  surface  energy  balance  operations  of  the 
MACABRE  code. 
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Figure 22. Heat  Transfer  Coefficient  Prediction 
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SECTION  10 
OVERVIEW  OF  COMPUTER  PROGRAM  EVENTS 
The  preceding  sections  have  described  the  individual  computing  phases 
of  the  coupled  computer  code  and  the  linkages  between  the  phases.  This  sec- 
tion  presents  two  simple  flow  charts  for  the  code to clarify  further  the 
operation  of  the  code.  Figure 2 3  gives  an  overall  chart  of  code  events,  and 
Figure 24 shows  some  details of the  surface  energy  balance  sub-package. 
8 2  
! I N P U T ,   I N I T I A L I Z A T I O N  I 
NODAL THERMAL RESISTANCES AND THERMAL 
COMPUTE NET HEAT FLUXES  TO EACH  SUB- 
SURFACE NDDE (BUT  RESERVING  SURFACE 
NODES AND NEXT NODE DOWN FOR  SPECIAL 
I M P L I C I T  TREATMENT) 
~. 
CALL  SURFACE  NERGY BALANCE PACKAGE 
AND RECESSION  RATES  (SEE  FIGURE  24)  
TO  DETERMINE NEW SURFACE  TEMPERATURES 
COMPUTE NEW TEMPERATURES  FOR  ALL  IN- 
DEPTH  NODES,  NOTING  SPECIAL  PROCEDURES 
FOR  SURFACE  NODES AND NEXT NODE DOWN 
~~ t 
OUTPUT, I F  
(1) T H I S  I S  F I R S T   P A S S  
( 2 )   T H I S  I S  A MANDATORY SURFACE  STATE 
SOLUTION  TIME 
( 3 )   T H I S  IS  A  REGULAR  OUTPUT TIME 
( 4 )  T H I S  IS  THE  FINAL  TIME 
I F  (1) OR ( 2 )  , VOID OUT ONE OF THE TWO 
TIME  SHEETS  OF THERMOCHEMICAL  DATA, I N -  
CREASE  INDEX  OF  PRESENT  SET  OF 2 MANDA- 
TORY  SURFACE  STATE  SOLUTION  TIMES BY ONE 
Figure 23.  O v e r a l l  MACABRE C o d e  Flow C h a r t  
a 3  
CALLED  FROM  MACABRE 
1 rn . + 
COMPUTE  ALLOWABLE  TIME  INCREMENT  AS 
INFLUENCED  BY  SPACING  OF  TIME  TABLE 
ENTRIES,  SPACING  OF  MANDATORY  SUR- 
FACE  STATE  SOLUTION  TIMES,  RECESSION 
RATES,  OUTPUT  TIMES * 
I COMPUT CURRENT SURFACE SHAPE, S L O P E S 1  
MAIN  LOOP  OVER  SURFACE  POINTS  (COLUMNS) 
SET  COLUMN  INDEX  I = 1 
1 m - 
DETERMINE  TIME  TABLE  ASSIGNED TO THIS 
QUANTITIES  IN  TABLE 
b COLUMN,  LOOK UP ALL  TIME  DEPENDENT 
i . 
CALL  PARBL (I) , RETURNS  ANY  OR  ALL OF 
CURRENT  LOCAL  PRESSURE,  CURRENT  LOCAL 
RECOVERY  ENTHALPY,  CURRENT  LOCAL  CON- 
VECTIVE  TRANSFER  COEFFICIENT,  AS 
REQUIRED 
~~ 
DETERMINE  CURRENT  LOCAL  HEATING  OPTION: 
GO TO RELEVANT  "PREPARATIONS"  SECTIONS 
ACCORDING  TO  OPTION - 
OPTION 2 
-
OPTION 3 
NOT  SHOWN  NOT  SHOWN 
OPTION 1 
~ 
CONVECTIVE  SURFACE  ENERGY  BALANCE  OPTION 
~ ~ ~~~~~ 
v 
CONTINUED ON NEXT  PAGE 
Figure 2 4 .  Surface  Energy  Balance  Operations  Flow  Chart 
(Subroutine  SURFB) 
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I” - 
1 
IF  HAVE  JUST  ARRIVED  AT  NEXT  MANDATORY 
TABLE  FOR  THIS  STATION TO FIND  FUTURE 
SOLUTION  TIME,  LOOK IN RELEVANT  TIME 
LOCAL  PRESSURE,  FUTURE  LOCAL  RECOVERY 
ENTHALPY,  AND  FUTURE  LOCAL  TRANSFER 
COEFFICIENT;  ALL  OF  WHICH  WILL  BE RE- 
QUIRED  IN  FUTURE-TIME  CALLS  OF  THE 
SURFACE  STATE  PACKAGE.  IF  SOME OF 
THESE  QUANTITIES ARE NOT  ENTERED  AT 
THE  FUTURE  TIME,  USE  SPECIAL  RULES TO 
ESTIMATE  THEM  FROM  CURRENT  DATA 
ABLE  DATA  INCLUDING  Tw 
THIS  STATION  TO  TEMPERATURES  IN LOW- 
EST  ASSIGNED BA ENTRIES  IN  TABLES. 
IF  CURRENT TW  is GREATER,  GO  TO BG 
SECTION  OF  TABLES  AND  ITERATE  ON E;. 
IF  CURRENT T, IS LESS, GO TO Tw  SEC- 
ASSIGNED  BA  SURFACE  ENERGY  BALANCE 
ITERATION 
ITERATION  NOT 
SHOWN 
t 
CONTINUED  ON  NEXT  PAGE 
Figure 2 4 .  (continued) 
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1 
I IF  CURRENT B& IS  ZERO  HERE,  ESTIMATE  A B& FROM  BOTTOM BA’S IN  TABLE I 
CHECK  TABLE  ENTRIES  SURROUNDING  THE  CUR- 
RENT  ESTIMATE  OF B&  AND THE  CURRENT  TIME. 
IF THERE  ARE  ANY  VOIDS  AMONG  THE  DEPEN- 
DENT  VARIABLE  VALUES  FOR  THESE  POINTS, 
CALL  ACE  PACKAGE  TO  FILL  IN.  FOR  SOLU- 
TIONS  AT  PAST  TIME,  USE  SAVED  PAST  VALUES 
OF  P and H, IN  ACE  CALL;  FOR  SOLUTIONS 
AT  FUTURE  TIME,  USE  PREVIOUSLY  SET UP 
VALUES  (OR  ESTIMATES)  OF  P  AND H, IN  THE 
ACE  CALL. + 
CONSTRUCT  SURFACE  ENERGY  BALANCE  EQUA- 
TION,  NOTE  “ERROR“  (DEPARTURE  FROM ZERO). 
CALCULATE  A  CORRECTION  TO B&  BY NEWTON- 
RAPHSON  METHOD 
~ 
BALANCED TO ACCEPTABLE  TOLERANCE? 
t 
I 
CORRECT B& LIMITING  CORRECTION TO TABLE 
INTERVAL  WIDTHS,  REPEAT O CONVERGENCE 
- 
I L e ADJUST  SIZE OF SURFACE  NODAL  BOX 
~ I 
ON  LAST  SURFACE  POINT? 
* 
I INCREMENT  COLUMN  INDEX:  I n I + 1 - I 
I 
I RETURN TO MACABRE 
Figure 2 4 .  (concluded) 
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APPENDIX A 
TRANSPORT  PROPERTIES  FROM THE ACE PACKAGE 
When t h e  ACE package of subrout ines  is used t o  g e n e r a t e  t r a n s p o r t  
p r o p e r t y  d a t a  f o r  s u b s e q u e n t  u s e  i n  t h e  t r a n s f e r  c o e f f i c i e n t  s u b r o u t i n e  
RUCH, the t r a n s p o r t  p r o p e r t i e s  a r e  c a l c u l a t e d  by ACE from expressions 
which der ive from simple kinet ic  theory and the par t icular  mult icomponent  
d i f f u s i o n  r e p r e s e n t a t i o n  p r e v i o u s l y  d i s c u s s e d  i n  S e c t i o n  5.3.3. The 
development of these expressions i s  d i s c u s s e d  i n  d e t a i l  i n  R e f e r e n c e  1 9 .  
A b r i e f  summary of  th i s  deve lopment ,  and  the  resu l t ing  express ions ,  a re  
p r e s e n t e d  i n  t h i s  s e c t i o n .  
D i f fus ion  Coef f i c i en t s  - I n  S e c t i o n  5.3.3, a b i f u r c a t i o n  approxima- 
t i o n  f o r  b i n a r y  d i f f u s i o n  c o e f f i c i e n t s  was mentioned which characterized 
multicomponent diffusion phenomena with reasonable accuracy without unduly 
compl ica t ing  the  sys tem of  equat ions  to  be  so lved .  This  s impl i f ica t ion  i s  
achieved through a c o r r e l a t i o n  f o r  b i n a r y  d i f f u s i o n  c o e f f i c i e n t s  o f  t h e  
form 
where 5 i s  a r e f e r e n c e  d i f f u s i o n  c o e f f i c i e n t  and t h e  Fi a r e  d i f f u s i o n  f a c -  
t o r s .   T h e s e   q u a n t i t i e s   a r e   d i s c u s s e d   i n   d e t a i l   i n   R e f e r e n c e  1 9 .  The 
incorporat ion of  (A-1)  i n  t h e  Stefan-Maxwell r e l a t i o n  f o r  mass d i f f u s i o n  
f l u x e s  i n d i c a t e s  t h a t  t h e  d i f f u s i o n  f l u x  o f  s p e c i e s  i may b e  w r i t t e n  i n  
terms of   on ly   p roper t ies  of spec ie s  i and g loba l   sys tem  proper t ies .  Sub- 
ject  t o  a few simplifying assumptions (Reference 19), t h i s  e x p r e s s i o n  
f o r  j i  may b e  w r i t t e n  
where 
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The accuracy  of  th i s  formula t ion  i s  examined in  Refe rence  1 9  f o r  a var ie ty  of  
chemical  systems. I t  is  shown t h a t  t h e  B i j  c a l c u l a t e d  by Equation (A-1) re- 
p resen t  a v e r y  s u b s t a n t i a l  improvement  over  equal  d i f fus ion  coef f ic ien ts  
when compared t o  exact va lues  ca l cu la t .  '1 d i r e c t l y  from k i n e t i c  t h e o r y .  The 
ca l cu la t ion  o f  t he  mix tu re  v i scos i ty  and thermal conductivity is based 
on t h e  d i f f u s i o n  f a c t o r s  g i v e n  by (A-1) I and these w i l l  be dl-scussed i n  t h e  
following paragraphs.  
Mixture Viscosity - The expression employed by the ACE program t o  
ca l cu la t e  t he  mix tu re  v i scos i ty  de r ives  f r o m  r i g o r o u s  f i r s t  o r d e r  k i n e t i c  
theory (Reference 2 0 )  I subject t o  a few simplifying assumptions,  as  dis-  
cussed  in  Reference  1 9 .  
I 
'mix = 
i= 1 
1 
where u i  is the  v i scos i ty  o f  t he  pu re  spec ie s  i. The v i  may be expressed 
i n  terms o f  t h e  s e l f  d i f f u s i o n  c o e f f i c i e n t s  Bii 
where AZi is a r a t i o  o f  c o l l i s i o n  i n t e g r a l s  b a s e d  on a Lennard-Jones inter-  
mo lecu la r   po ten t i a l .   Subs t i t u t ing  (A-1)  and (A-7) i n t o  (A-6) r e s u l t s   i n   t h e  
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p -  
fo l lowing  express ion  for  the  v iscos i ty  of  the  mul t icomponent  mixture .  
(A- 8) 
and t h i s  is t h e  e x p r e s s i o n  u t i l i z e d  t o  c a l c u l a t e  t h e  F i x t u r e  v i s c o s i t y  o u t -  
pu t  by  the  ACE program. 
Mixture Thermal Conductivity - The the rma l  conduc t iv i ty  in  a poly- 
atomic gas mixture may be represented by (Reference 20) 
kmix = k mono-mix + k i n t  (A-9) 
where kmono-mix i s  the  the rma l  conduc t iv i ty  in  a mixture computed neglec t ing  
a l l  i n t e r n a l  d e g r e e s  o f  f r e e d o m  and  kint i s  t h e  c o n t r i b u t i o n  t o  t h e  t h e r m a l  
conduct iv i ty  of t he  mix tu re  due to  the  in t e rna l  deg rees  o f  f r eedom of t h e  
molecules.  A s i m p l i f i e d  e x p r e s s i o n  f o r  t h e  mono-mixture  thermal  conductivity 
can  be  der ived  in  a manner s imi l a r  t o  the  p rocedure  p rev ious ly  d i scussed  fo r  
t he   mix tu re   v i scos i ty .   Th i s   s imp l i f i ed   expres s ion  is (from  Reference 1 9 )  
r 1 
Xiki mono 
kmono-mix 
i=l xi + 1.475 
(A-10)  
where ki i s  the   thermal   conduct iv i ty   o f   the   pure   spec ies  i neg lec t ing  
a l l   in te rna l   degrees   o f   reedom  of   the   molecule .  The ki may be  xpressed 
i n  terms o f  t h e  pi as  per  
(A-11)  
The c o n t r i b u t i o n  t o  t h e  t h e r m a l  c o n d u c t i v i t y  f r o m  t h e  i n t e r n a l  d e g r e e s  o f  
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freedom may be expressed as (from Reference 1 9 )  
(A-12)  
By combining (A-1) wi th  (A-9)  through ( A - 1 2 ) ,  the   mix ture   thermal   conduct iv i ty  
may b e  w r i t t e n  as 
15 xi R 
"
4 Fi 
kmix e pl [ x.F l i  ( 6 A l i  
i=l 1.475 + - - - 
p1 5 
- 
(A-13) 
where p1 and v q  are   g iven  by (A-4)  and ( A - 5 )  respec t ive ly ,   and  
Thus, ( A- 
L 
13) i s  t 
T 
c = 2 zicpi a. 
P 
i= 1 
(A-14)  
(A-15)  
:he e x p r e s s i o n  u t i l i z e d  t o  c a l c u l a t e  t h e  m i x t u r e  t h e r m a l  
conduct iv i ty  output  by t h e  ACE program. 
A l s o  ca l cu la t ed  and ou tpu t  by t h e  ACE program are the Prandt l  and 
Schmidt numbers which are def ined  here  as  
P r  = L C  k p-frozen (A-16) 
(A-17) 
The t r a n s p o r t  p r o p e r t i e s  c a l c u l a t e d  by t h e  ACE program are a l l  b a s e d  
on the  b i furca t ion  approximat ion  for  the  b inary  d i f fus ion  coef f ic ien ts  ex-  
p r e s s e d  i n  ( A - 1 ) .  This is so even f o r  c l o s e d  s y s t e m  c a l c u l a t i o n s  ( i n  which 
case  d i f fus ion  phenomena need not  be considered to  calculate  the chemical  
and  thermodynamic state of  the  system) and f o r  open  sys tem ca lcu la t ions  for  
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which e q u a l  d i f f u s i o n  c o e f f i c i e n t s  a r e  assumed (Sec t ion  5 .3 .2) .  From t h e  
equat ions  presented ,  it may be  obse rved  tha t  t he  p rope r t i e s  ca l cu la t ed  a re  
h ighly  dependent  on  the  d i f fus ion  fac tors ,  Fi.  Three a l t e r n a t e  methods f o r  
p re sc r ib ing  the  Fi were d i s c u s s e d  i n  S e c t i o n  5.3.3. The use  of  the  d i f fus ion  
f a c t o r  c o r r e l a t i o n  (63)  w i th  r e s iden t  va lues  o f  nref and E (which  were 
der ived  pr imar i ly  f rom cons idera t ion  of  spec ies  d i f fus ion  coef f ic ien ts )  should  
r e s u l t  in  reasonably  accura te  va lues  of  o ther  t ranspor t  p roper t ies .  A l t e r -  
n a t e l y ,  t h e  c o r r e l a t i o n  (63 )  may be used with  values   of  nref and E der ived  
by co r re l a t ing  ava i l ab le  t r anspor t  p rope r ty  da t a  fo r  t he  pa r t i cu la r  sys t em 
of i n t e r e s t .  I f  t r a n s p o r t  p r o p e r t i e s  o f  maximum accuracy  a re  to  be cal-  
cu la t ed ,  t hen  the  d i f fus ion  f ac to r s  shou ld  be  inpu t  i nd iv idua l ly  fo r  each  
species.  These data may be obtained from tabulations such as Reference 2 1 .  
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